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generated and applied to the sample across a band of frequencies. 
The cantilever response is collected and the Fourier transform at 
each pixel/tip location is performed, yielding the transfer function 
of the cantilever response. This response is fit to a simple harmonic 
oscillator (SHO) and gives the amplitude, phase, resonance 
frequency, and quality factor of the interaction. 158 
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Figure 3-16 Diagram illustrating switching-spectroscopy piezoresponse force 
micrsocopy (SS-PFM). (a) shows the interaction of the tip with the 
material surface, and the application of (b) electric field waveform, 
allowing for extraction of (c) the local hysteresis behavior and 
related response parameters.159 
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Figure 3-17 Image of the 60Co source used in this work, located at the US Naval 
Research Laboratory (NRL). Image courtesy of Cory D. Cress, US 
Naval Research Laboratory 
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Figure 3-18 Images of intermediate steps of the membrane processing. (a) shows 
the topside dicing marks after etching in the Pt/Ti layer. (b) shows 
the backside of the wafer with SPR-220 photoresist (PR), after 
backside alignment and PR development, but before the SiO2 etch. 
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(c) shows the backside of the wafer after plasma etching of SiO2 and 
PR removal, directly before the dicing step. 
Figure 3-19 Schematic of the Bosch DRIE process, showing (a) organofluorine 
passivation layer, (b) the semi-isotropic SF6 etch, (c) high aspect 
ration trenches, and (d) scalloped sidewalls resulting from the 
iterative process.160 
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Figure 3-20 Plots of measured etch depth in Si as a function of etch time for both 
the anisotropic Bosch process and isotropic DRIE etches used in 
this work, with trendlines fitted to estimate the etch rate. 
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Figure 4-1 Representation of reversible and irreversible interface motion in 
ferroelectrics, such as the PZT thin films studied here. U(s) 
represents potential energy as a function of interface (domain wall) 
position s, while Ps shows polarization direction. Reversible motion 
contributes to the low-field response, while irreversible motion of 
interfaces over pinning centers is mostly observed at increasing 
fields (larger activation energy). 
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Figure 4-2 Baseline characterization of PZT thin film stacks with IrO2 and Pt 
top electrodes. ToF-SIMS characterization for PZT films with a) 
IrO2 and d) Pt top electrodes, respectively; SEM images of PZT 
microstructure near an electrode for b) IrO2 and e) Pt, respectively; 
and crystallographic phase identification via XRD for stacks with c) 
IrO2 and f) Pt top electrode, respectively. The presence of Cs in 
ToF-SIMS is noted due to the use of Cs+ ions in the depth profile 
analysis, leading to implantation and bonding in the material, often 
with heavy metals, such as Pb and Pt in PZT.170 
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Figure 4-3 Dot plot showing distribution of low-field relative permittivity (er) 
for samples with either oxide or metal top electrodes, both before 
and after irradiation. Points shown represent measurements taken 
on different electrodes. Error bars indicate 95% confidence interval 
from the mean for all measurements. Mean is shown as dark 
horizontal bar for each set of measurements. Measurements taken at 
100 mV, 1 kHz. 
105 
Figure 4-4 Nonlinear dielectric response at low to intermediate fields, probed 
with 1 kHz AC waveform. Rayleigh analysis fits a line to the linear 
region of the plots (from 10 kV/cm up to 30 kV/cm for these 
samples) to extract εinit (intercept) and α (slope). 
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Figure 4-5 Ferroelectric response of virgin and irradiated samples with oxide 
and metallic electrodes, illustrating radiation-induced pinching of 
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loops in samples with Pt electrodes. The measurements were 
performed at 1 kHz. 
Figure 4-6 DC electric field-dependent permittivity curves for virgin and 
irradiated samples with IrO2 and Pt top electrodes, showing 
horizontal peak shift and creation of a new peak in samples with Pt 
top electrodes. The measurements were performed up to 200 kV/cm 
DC field with overlapping 500 mV, 1 kHz AC voltage. 
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Figure 4-7 Dot plots showing distribution of electromechanical response 
(d33,f,sat) for virgin and irradiated samples with both IrO2 and Pt top 
electrode. Points shown represent measurements taken on different 
electrodes. Error bars indicate 95% confidence interval from the 
mean for all measurements. Mean is shown as dark horizontal bar 
for each set of measurements. The measurements were performed 
at up to 200 kV/cm DC field with overlapping 1 V AC voltage. 
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Figure 4-8 a) and b) Representative intensity vs. 2θ XRD profiles acquired 
from the non-irradiated sample and c) 200-lattice strain plotted as a 
function of voltage for both non-irradiated and irradiated samples, 
both with IrO2 top electrodes. 
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Figure 4-9 Electron spin resonance (ESR) spectra at 9.5 GHz for virgin and 
irradiated (10 Mrad (Si)) PZT samples, displaying a broadening of 
the signal at g ~ 2.005 observed post-irradiation. 
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Figure 5-1 Schematic 2D simplification of 3D samples, illustrating the 
relationship between material volume, volume affected by defects, 
and the effects of new defects. a) Shown is a single grain with three 
domains, separated by two domain walls. Free material volume is 
shown in white, pre-existing defects and the volume they affect in 
red, and a newly-introduced defect in blue. A larger free volume 
results in greater mean volume pinned by the new defect. (b, c) With 
increasing number of pre-existing defects (d) the volume pinned per 
new defect is reduced. Furthermore, the weighting function is 
employed to account for nonlinear defect interactions, such as those 
between defects and domain walls shown in green in (a) and (b). As 
available sites for new defects to impact domain walls are reduced 
with greater numbers of pre-existing defects, the weight of new-
defect impact on free material volume is modified. The available 
domain wall area for interactions with new defects is highlighted in 
yellow. 
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Figure 5-2 Application of the proposed model to previously-reported total 
ionizing dose (TID) studies in ferroelectrics and to dopant/radiation 
studies on various functional materials. (a) The effects of gamma, 
X-ray, and proton irradiation on the dielectric permittivity of 
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various bulk and thin film ferroelectrics are shown. Data in 
gray/black shows gamma dose rate studies.106 Blue symbols 
indicate degradation of the dielectric permittivity at positive and 
negative coercive voltages for PZT and lead titanate.102 Green 
symbols show experiments on bulk ferroelectrics performed.107 X-
ray and proton irradiation of PZT shown in orange and yellow 
symbols, respectively.97 (b) Indium doping in BaCe0.7InxY0.3-xO3-δ 
at different atmospheric conditions.204 (c) He-ion implantation in 
epitaxial perovskite PbTiO3 films.198 (d) O- and As-ion irradiation 
of superconducting yttrium barium copper oxide (YBCO).199 (e) 
Fe2O3 doping of ferroelectric lead zirconate titanate (PZT).80 All 
data reproduced with permission. 
Figure 5-3 Microstructural characterization of PZT thin films with columnar 
and equiaxed grains. (a, d) SEM, (b, e) TEM, and (c, f) TKD cross-
sectional images of columnar-grained films (a, b, c) processed using 
2-methoxyethanol-based precursor PZT solution, and equiaxed-
grained films (d, e, f) prepared using a methanol-based inverted 
mixing order PZT precursor solution. Note that the crystallographic 
poles noted for the pole figure are relative to the film normal 
(vertical direction in the image). 
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Figure 5-4 Application of the proposed model (curves) to experimental data 
from PZT thin films with columnar and equiaxed grain structure. (a) 
Plots of relative, low-field dielectric permittivity, and (b) saturation 
and remanent piezoelectric as a function of radiation dose,217 and 
the fitted model to each data set. Error bars show standard error of 
the sample mean. Fitted parameters are detailed in Table 5-1. 
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Figure 5-5 X-ray diffraction crystallographic phase analysis comparing 
representative samples with columnar (top) and equiaxed (bottom) 
grain structures prepared using 2-MOE and IMO PZT solutions, 
respectively. Note the large relative intensity of the 100-peak for 
samples with columnar grains while the opposite behavior for the 
101-peak is found for samples with equiaxed structure. 
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Figure 5-6 Representative plots showing the effects of changes to the effective 
volume impacted by defect interactions, φN, and the effective rate 
of defect saturation, k, for degradation of an arbitrary response 
parameter. (a) shows changes to φN while holding k constant, and 
(b) shows the effects of changing k, while holding φN constant. 
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Figure 5-7 Application of phenomenological model (curves) to work on the 
effects of gamma irradiation dose rate on degradation of dielectric 




Figure 5-8 Application of phenomenological model (curves) to work done by 
on the effects of bias conditions on gamma radiation-induced 
degradation of dielectric permittivity measured at the positive and 
negative coercive fields (εr+ and εr-) of PZT thin films grown via 
pulsed laser deposition (PLD).216 
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Figure 5-9 Application of phenomenological model (curves) to work done on 
the effects of gamma irradiation on degradation of dielectric 
permittivity measured at the positive and negative coercive fields 
(εr+ and εr-) in ferroelectric PZT and lead titanate thin films.102 
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Figure 5-10 Application of phenomenological model (curves) to work done on 
gamma irradiation of bulk ceramic ferroelectrics and corresponding 
changes to dielectric permittivity.107 
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Figure 5-11 Application of phenomenological model (curves) to degradation of 
various functional responses of PZT films subjected to X-ray and 
proton irradiation.97 
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Figure 5-12 Application of phenomenological model (curves) to historical data 
on dielectric permittivity of neutron-irradiated in PZT thin films 
prepared via chemical solution deposition (CSD). Inverted mixing 
order (IMO) methods were used on two of the films. Non-IMO films 
are 350 nm thick and IMO films are 320 nm thick.40 
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Figure 5-13 Application of phenomenological model (curves) to historical data 
on dielectric permittivity as a function of Ho2O3 dopant 
concentration in BaTiO3 ceramics. Trends are shown for various 
sinter temperatures and measurement temperatures, including the 
Curie temperature, TC.214 
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Figure 5-14 Application of phenomenological model (curves) to historical data 
on dielectric permittivity as a function of Fe2O3 dopant 
concentration in PZT ceramics.80 
163 
Figure 5-15 Application of phenomenological model (curves) to data on 
irradiation of yttria barium copper oxide (YBCO) in multiple 
stoichiometries, irradiated with O and As ions.199 
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Figure 5-16 Application of phenomenological model (curves) to data on He2+-
ion bombardment of epitaxial ferroelectric thin films.198 
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Figure 5-17 Application of phenomenological model (curves) to In-doping of 
yttrium barium cerate at multiple atmospheric conditions, for use in 
solid oxide fuel cell (SOFC) applications.204 
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Figure 5-18 Application of phenomenological model (curves) to the effects of 
X-ray synchrotron experiments on current in Pt/TiO2/Pt memory 
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cells.210 Data is extracted Figure 2 of the work by Chang et al., from 
approximately 85 to 120 seconds, due to the continuous set of data 
at that location. Data has been normalized to the first point of the 
selected set, and the percent change from that point as the baseline 
plotted. The model fits well in (a), but does encounter some 
difficulty due to the starting point at 85 s and resulting discontinuity 
from 0 to 85 s. By shifting the initial point to 0 s (b), the model 
provides a better fit. We note that the model requires fitting the 
degradation/reduction of a property as a positive value (as explained 
in the manuscript), thus the negative trends here represent an 
increase to the electric current. 
Figure 6-1 X-ray diffraction (XRD) crystallographic phase analysis comparing 
representative samples with columnar and equiaxed grain structures 
that were prepared using 2-MOE and IMO PZT solutions, 
respectively. Noteworthy is the large 100-peak in samples with 
columnar grains, compared to the large presence of 110-texture in 
samples with equiaxed grains. “Signal” indicates artifacts of rapid 
increases to XRD signal intensity. 
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Figure 6-2 Scanning electron microscopy (SEM) images of samples with 
columnar and equiaxed grain structures. Notable is the greater 
degree of porosity in the samples with equiaxed grains (b) (see also 
Table 6-3). 
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Figure 6-3 Representative transmission Kikuchi diffraction (TKD) orientation 
maps and Kikuchi band contrast images for samples with (a) 
columnar and (b) equiaxed grain structures images from the x-, y-, 
and z-axes. (c) shows the inverse pole figures for the cubic indexing 
of both PZT and Pt, and the coordinate system used for this figure. 
Note that in the highly 100-textured columnar samples, the x- and 
y-axis TKD images are very similar, due to the 4-fold rotational 
symmetry of the cubic lattice used for indexing. In the samples with 
equiaxed grains and weak texture, the corresponding images from 
x- and y-axes do not show similar symmetry, confirming their more 
randomly-oriented nature. 
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Figure 6-4 Statistical analysis of grain characteristics for PZT thin films with 
columnar (blue) and equiaxed (orange) grains. Schematic for 
statistical measurements shown in (a). Measurements include (b) in-
plane grain size, (c) out-of-plane grain height, and (d) size of multi-
grain regions of similar orientation. Normal distribution curve is 
shown as a dotted line to suggest trends in data. 
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Figure 6-5 Degradation trends for dielectric responses at low (a, b) and 
increasing (c) AC electric field. Notable are the large differences in 
degradation trends at low field when comparing samples with 
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different grain structures, but similar trends of degradation of the 
Rayleigh extrinsic to intrinsic ratio are observed for both sets of 
samples. 
Figure 6-6 Degradation trends for polarization and coercive field. Note the 
severe degradation of remanent polarization, compared to the mild 
degradation of saturation polarization. 
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Figure 6-7 Comparison of (a, b) polarization-field (P-E) hysteresis loops; (c, d) 
permittivity-DC field (εr-EDC); and (e, f) piezoelectric-field loops 
(d33,f-EDC) for samples with (a, c, e) columnar grains and (b, d, f) 
equiaxed grains in virgin (0 Mrad) samples and after exposure to 10 
Mrad gamma irradiation. Notable is the larger shift in the positive 
direction of the P-E loop at 10 Mrad for the sample with columnar 
grains (a), as well as slight pinching of the P-E loops for both 
samples (a, b), indicating changes to the defect energy landscape of 
the material. The internal bias is also visible in piezoelectric plots 
(e, f). The formation of new peaks in the εr-EDC loops (c, d) 
potentially indicates changes to the defect energy landscape. 
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Figure 6-8 Degradation trends and fitted model for DC field-dependent 
piezoelectric responses (d33,f-EDC) and percent dielectric tunability. 
Notably, samples with columnar grains appear to be slightly more 
susceptible to radiation-induced degradation of DC field-dependent 
responses. However, the magnitude of degradation of d33,f,sat and % 
tunability (high DC field) are somewhat negligible, compared to 
d33,f,rem (low DC field). 
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Figure 7-1 Illustration of the deposition and crystallization scheme for the (a) 
periodic (pR/T) and (b) multi-layer anneal (MLA) films. Note that 
the MLA films are studied for comparisons of microstructure and 
orientation; functional properties of similarly-processed films have 
been reported elsewhere.111 
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Figure 7-2 X-ray diffraction (XRD) crystallographic phase analysis of periodic 
(pR/T) films and multi-layer anneal (MLA) films for comparison. 
(a) and (c) highlight details of the 100- and 200-PZT peaks, 
respectively. Films are labeled with the molarity of the precursor 
solution used and the number of layers deposited. Film thicknesses, 
layer periodicities, and Lotgering factor are available in 
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Figure 7-3 X-ray photoelectron spectroscopy (XPS) depth profiling shows 
composition profiles of (a) Zr and (b) Ti through the thickness of 
the PZT film. Each tick on the y-axis represents 5% composition of 
the respective cation. 
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Figure 7-4 Transmission electron microscopy (TEM) of (a, b, c, d) selected 
periodic R/T (pR/T) and (e, f) multi-layer anneal (MLA) samples. 
The bright-field (BF-TEM) images (a, b, c, e) show regions of 
mottled contrast, and some degree of discontinuity at layer 
interfaces, especially for the 0.30M, 5-layer pR/T film in (c), and a 
stark change in orientation at the central layer interface in the MLA 
film (e), suggesting that the crystallization interfaces play a critical 
role in the films’ structure. Lines have been added to guide the eye 
on (b) and (c) according to layer interfaces. Energy dispersive X-
ray spectroscopy (EDX) and high-angle annular dark field 
(HAADF) imaging (d, f) were undertaken for the 5-layer SL film 
and the MLA film, confirming the compositional gradients shown 
in the XPS data (Figure 7-3). Notably, the depth of Ti fluctuations 
are more dramatic than the corresponding Zr fluctuations in the 
same layer, due to asymmetric nucleation and growth behavior (see 
also Figure 7-8). Due to the fine spatial fluctuations of composition 
within the 16-layer film along with the necessity of balancing the 
signal-to-noise ratio and damage under the electron beam, it was not 
practical to perform the same EDX analysis on that film. 
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Figure 7-5 (a, b, c) Plots of piezoresponse and resonant frequency responses 
gathered via band-excitation piezoresponse force microscopy (BE-
SSPFM) and averaged over multiple points from a 2 µm × 2 µm 
area. Notable is the acoustic softening of the resonant frequency in 
(c, top). Similar acoustic softening was not observed in other 
samples (a, b) (noted that piezoresponse is represented in arbitrary 
unites (a.u.), but the range is the same for each measurement). Also 
notable are small bumps or spikes in the piezoresponse at 
corresponding locations to the acoustic softening in (c, top). (c, 
bottom) shows a composite map of the piezoresponse amplitude for 
each point of the 50 × 50 grid at the first step of the waveform before 
applying DC voltage pulses (20 V), and outlines the area averaged 
for (c, top). (d) shows the relative magnitude of the resonant 
frequency responses from measurements up to 20 V, demonstrating 
the comparatively large change in the 0.40M film due to acoustic 
softening relative to the other two films with lower periodicity. 
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Figure 7-6 Atomic force microscopy (AFM) scans of selected pR/T and MLA, 
showing differences in surface microstructure. Calculated grain 
sizes are reported in 
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Figure 7-7 Functional response characterization for (a) low-field dielectric, (b) 
AC nonlinear dielectric, (c) Rayleigh ratio and % dielectric 
tunability, (d) polarization, (e) coercive field, and (f) piezoelectric 
responses as a function of layer periodicity. Lines have been added 
to guide the eye. Note the increasing trends for dielectric loss 
tangent, polarization, extrinsic contributions to dielectric response, 
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and remanent piezoelectric response, suggesting domain wall 
motion is increased in films with larger layer periodicity. 
Conversely, slight decreasing trends in the low-field permittivity 
and intrinsic contributions to response with increasing layer 
periodicity are observed. Error in the periodicity is calculated from 
ΛSchuller. 
Figure 7-8 (a) Chemical fluctuations across the thickness of the film vary in 
magnitude dependent on layer periodicity. Films with lower 
periodicity show less-intense fluctuations (a, left), while those with 
greater periodicity are able to approach the MPB (a, right), thus 
enhancing extrinsic contributions to response. However, chemical 
gradients begin with strong nucleation of Ti, simultaneously driving 
lower intrinsic response on the tetragonal side of the diagram for 
films with greater magnitude of cation fluctuations. (b) EDX 
profiles of the Zr and Ti content in an individual layer of the 0.30M 
(5-layer) pR/T film. The Zr profile is shown in (b, right) oscillating 
over the initial composition of 53% Zr, showing the greater Ti 
content in each individual layer (red). (c) Diagram showing 
dielectric and electromechanical response as a function of mole 
percent PbTiO3. The morphotropic phase boundary (MPB) is shown 
as the vertical dotted line. The initial PbZr0.53Ti0.47O3 composition 
used in this work is shown as a blue “X” on the diagram. With 
tensile stress induced in the PZT thin film during crystallization 
anneals via the SiO2 layer and Si substrate, the PZT composition 
can effectively shift to the tetragonal side of the MPB (shown as red 
“X” on the diagram). 
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Figure 7-9 (a) Sample P-E hysteresis loops showing potential shifting in the 
negative horizontal electric field direction. (b) shows the vertical 
shift in polarization, ΔP/2, calculated from the P-E loops. (c) shows 
the horizontal shift in electric field, Einternal, extracted from both the 
P-E loops and d33-EDC hysteresis loops. Trends in (c) suggest strong 
internal biases developed with increasing layer periodicity. Error in 
the periodicity is calculated from ΛSchuller. 
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Figure 7-10 Cross-sectional transmission electron microscopy (TEM) of a 
0.30M, 5-layer PZT thin film pR/T sample, showing potential 
striped domain structures. 
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Figure 7-11 Comparison of data from this work to trends of functional response 
from the literature on polycrystalline ferroelectric thin 
films.35,244,277-284 Functional property trends are plotted against film 
thickness. Note the reduction in dependence on thickness, especially 
for measurements of piezoelectric properties. Secondary plots are 
shown to illustrate goodness of a fitted line to guide the eye. The 
lack of an apparent trend is noted for both (a) dielectric permittivity, 
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and (b) saturated piezoelectric response. Apparent trends of 
thickness dependence in the films studied here are arguably absent. 
Figure 8-1 X-ray diffraction data for (a) single-layer anneal (SLA) and (b) 
multi-layer anneal (MLA) PZT thin films. Insets show PZT 100- 
and 200-peaks, with distinct satellite peaks shown for SLA samples, 
indicating a large degree of strain coherency between alternating Zr- 
and Ti-rich regions 
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Figure 8-2 Scanning electron microscope (SEM) imaging of the (a) single-
layer anneal (SLA) and (b) multi-layer anneal (MLA) PZT thin 
films. Both films show smooth, dense microstructure with 
continuous columnar grains through the thickness of the film. 
Notable are small pockets of potential porosity in the SLA films at 
layer crystallization interfaces and the observable crystallization 
interface in the MLA film. Atomic force microscopy (AFM) was 
performed on the surface of (c) SLA and (d) MLA films, indicating 
marginally smaller mean grain size for pR/T samples. 
243 
Figure 8-3 Plots of (a) dielectric permittivity (εr), (b) extrinsic contributions to 
AC electric field dielectric response (α), (c) remanent polarization 
(Prem) and (d) remanent effective, converse piezoelectric response 
(d33,f,rem) for SLA and MLA films as a function of radiation dose. 
Lines have been added to guide the eye and demonstrate the relative 
magnitudes of enhancement/degradation for each measurement 
trend. Dielectric response is generally less degraded in MLA 
samples. Note the substantially greater enhancement of polarization 
and piezoelectric responses for SLA films, especially at lower 
radiation doses. (e) and (f) show representative P-E hysteresis loops 
at 0 and 2 Mrad radiation dose, where the enhancement in measured 
ferroelectric properties is largest. 
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Figure 9-1 X-ray diffraction data for (a) undoped and (b) 4% Mn-doped PZT 
thin films used in this work. The results indicate strong 100-texture 
in both sets of samples. Notable is a small shoulder on the PZT 002-
peak exhibited in the Mn-doped samples (also notable to a lesser 
degree on PZT 001-peak). 
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Figure 9-2 Cross-sectional scanning electron microscope (SEM) images of the 
(a) undoped and (b) 4% Mn-doped PZT samples. Large differences 
are noted in density and porosity. Both samples show highly 
columnar microstructure, but the Mn-doped samples exhibit greater 
porosity and some apparent grain size reduction. (c) and (d) show 
the deflection trace of atomic force microscopy (AFM) scans of the 
surface of the undoped and Mn-doped samples, respectively. 
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Figure 9-3 Representative (a) polarization, (b) AC dielectric, (c) DC dielectric, 
and (d) piezoelectric functional response loops for the undoped and 
4% Mn-doped PZT thin films studied at 0 and 10 Mrad radiation 
exposure. Notably, the magnitude of dielectric and piezoelectric 
functional response is reduced in Mn-doped samples, but those 
samples demonstrate substantially greater radiation tolerance. 
Polarization properties are relatively similar, but larger rotation and 
pinching of the loop is noted for irradiated undoped samples. Limits 
for extraction of Rayleigh parameters are shown as vertical dotted 
lines in (b). Piezoelectric data has been smoothed using an adjacent-
averaging filter to reduce noise for this figure (piezoelectric 
response parameters were extracted from the raw data). 
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Figure 9-4 (a) Dielectric permittivity (εr) at low AC electric field, (b) extrinsic 
contributions to the AC electric field dielectric response (α), (c) 
remanent polarization (Prem), and (d) saturated converse, effective 
piezoelectric response (d33,f,saturation) as a function of radiation dose 
for the undoped and 4% Mn-doped PZT samples. A 
phenomenological model employing a modified sigmoid function 
has been fit to each set of data to quantify defect interactions and 
compare degradation-related parameters, except for the d33,f,sat data 
– only the raw data is presented due to the strong non-monotonicity 
thereof. 
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Figure 10-1 XRD analysis of un-irradiated films with (a) 750 nm SiO2, (b) 2035 
nm SiO2, and (c) 760 nm AlN elastic layers. Notably, the two films 
with SiO2 elastic layers are highly 001-textured and show splitting 
of the same, while the film with AlN show slightly weaker 001-
texture and some presence of PZT 110- and 111-peaks. 
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Figure 10-2 High-resolution profiles of the XRD data for the PZT (a) 001- and 
(b) 002-peaks. The 001-peaks in (a) have been fit with a Voigt 
profile for estimation of lattice strain. (c) shows a schematic 
illustration of a powder and thin film tetragonal PZT lattice, with a 
reduction to the lattice parameter dspace , and the resulting out-of-
plane compressive stress and corresponding in-plane tensile stress 
in the thin film. 
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Figure 10-3 Cross-sectional scanning electron microscopy (SEM) images PZT 
thin films with elastic layers consisting of (a) 760 nm SiO2, (b) 2035 
nm SiO2, and (c) 750 nm AlN. 
284 
Figure 10-4 Atomic force microscopy (AFM) scans of the surface of samples 
from each of the three types of films studied here. All samples show 
generally smooth surface structure. Note that the raised bumps in 
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(a) are likely residue from processing. Images have been flattened 
with a first order algorithm to eliminate sample tilt. 
Figure 10-5 Trasmission Kikuchi diffraction of the films with (a) 760 nm SiO2, 
(b) 2035 nm SiO2, and (c) 750 AlN elastic layers. Band contrast, 
cubic index, and tetragonal index images are shown. Notably, the 
two samples with SiO2 elastic layers show very uniform grain 
orientations, while the film with an AlN elastic layer shows a large 
degree of randomness. 
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Figure 10-6 Selected plots and hysteresis loops from the ferroelectric (a, b, c), 
AC dielectric (d, e, f), DC piezoelectric (g, h, i) and DC dielectric 
(j, k, l) functional responses for samples with (a, d, g, j) 760 nm 
SiO2, (b, e, h, k) 2035 nm SiO2, and (c, f, i, l) 750 nm AlN elastic 
layers. 
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Figure 10-7 Degradation trends and fitted phenomenological model for (a) low-
field dielectric permittivity and (b) P-E hysteresis as a function of 
gamma radiation dose. 
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Figure 10-8 Degradation trends and fitted phenomenological model for (a) 
Rayleigh dielectric coefficients and (b) their ratio as a function of 
gamma radiation dose. 
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Figure 10-9 Degradation trends and fitted phenomenological model for (a) 
remanent and saturation piezoelectric response and (b) DC electric 
field-depeendent dielectric response as a function of gamma 
radiation dose. 
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Figure 10-10 Dual amplitude resonance tracking (DART) piezoresponse force 
microscopy (PFM) scans of each of the three types of films studied 
in this chapter with (a, d) 760 nm SiO2, (b, e) 2035 nm SiO2, and (c, 
f) 750 nm AlN elastic layers. (a, b, c) Amplitude and (d, e, f) phase 
of the piezoresponse are shown. Images have been flattened with a 
first order flattening algorithm to remove effects of sample tilt. 
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Figure 10-11 Switching spectroscopy piezoresponse force microscopy (SS-PFM) 
measurements of local piezoresponse hysteresis. Shown are the 
amplitude, phase, and calculated piezoresponse for samples with (a) 
760 nm SiO2, (b) 2035 nm SiO2, and (c) 750 AlN elastic layers. Raw 
data is shown in light gray, and the bold curve shows the data after 
smoothing with an adjacent-point averaging algorithm. Scales are 
equal for comparisons of magnitude of response. 
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Figure 11-1 Schematic respresentation of the material stack used to investigate 
the effects of thinning the Si substrate by deep reactive ion etching 
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on the backside of the chip upon which the PZT thin film was 
fabricated. 
Figure 11-2 Image of the backside etch of sample M4.1. In the corners of the 
etched region, bare SiO2 is visible (pink/green). Distinct depressions 
caused by residual stress interactions between the released 
SiO2/TiO2/Pt/PZT/Pt material stack. 
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Figure 11-3 X-ray diffraction (XRD) showing the large degree of 100-texture in 
the samples used for this study. 
307 
Figure 11-4 Remote electrode layout used for M1, M2, and M3. Black area is 
un-etched Si, the cyan region represents the area of material that is 
etched from the backside, and the magenta regions are the top 
electrode contacts. 
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Figure 11-5 Trends in low field (a) dielectric permittivity (εr) and (b) dielectric 
loss tangent (tan(δ)) for all sets of membrane-line samples as a 
function of Si substrate thickness. Lines have been added to guide 
the eye. 
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Figure 11-6 Trends in the extracted (a) reversible (εinit), (b) irreversible (α), and 
(c) irreversible/reversible ratio (α/εinit) from the Rayleigh analysis 
of the AC electric field dielectric response. 
317 
Figure 11-7 Plots of (a) saturated polarization (Psat), (b) remanent polarization 
(Prem), and (c) the vertical shift in polarization. Trends in the 
coercive field (d) EC+, (e) EC-, and (f) the internal bias in the 
horizontal electric field direction, Einternal, are shown. 
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Figure 11-8 Plotted trends in the DC electric field piezoelectric and dielectric 
response. Shown is (a) the maximum measured value of the 
effective, converse, longitudinal piezoelectric coefficient, d33,f,max, 
and (b) the % dielectric tunability. Note that d33,f,max is plotted on a 
log-log scale to show the large variation with Si substrate thickness. 
The maximum of the d33,f response is used due to the extreme 
nonlinearity in the piezoelectric-DC field curves, and resulting 
difficulting in extracting a reliable remanent or saturated value of 
the response (see Figure 11-10). 
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Figure 11-9 (a) P-E hysteresis loops and (b) AC electric field dielectric response 
from sample set M1 at approximately 25 µm and 2 µm Si substrate 
thickness. While the initial set of M1 samples were all prepared 
individually and measured separately, several of the samples that 
showed high functional response were re-etched to thinner Si. The 




Figure 11-10 Selected (a) P-E hysteresis curves, (b) AC dielectric permittivity, 
(c) DC piezoelectric response, and (d) DC dielectric response from 
sample M4.1. Generally, the curves tend to show degradation when 
reduced from 500 to 10 µm Si substrate thickness, but subsequently 
demonstrate favorable inceases at 2 µm substrate thickness 
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Figure 11-11 P-E loops at progressively higher applied AC electric field on and 
off a fully released (0 µm Si) PZT thin film from set M4.1. The fully 
released electrode shows superior polarization properties at all 
fields except 400 kV/cm, where it is eclipsed by the off-membrane 
electrode. 
324 
Figure 11-12 Plots of the measured displacement of the probed electrode as a 
function of applied AC electric field. 
325 
Figure 11-13 Relative height images from non-contact interferometry 
measurements on samples from set (a) M3 and (b) M4.1. Baseline 
displacement has been set to 0 at the SiO2 layer. Notable is a 
maximum deflection of up to 14 µm for sample M3, across an 
electrode of 1000 µm diameter 
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Figure 11-14 (a) Schematic of electrode deflection for estimating the radius of 
curvature for use in the Stoney formula. (b) Illustration of the 
released electrode and exaggerated curvature due to the local stress 
in the material stack. 
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Figure 11-15 Height retrace and amplitude/phase of the piezoresponse for off- 
and on-membrane regions of the membrane from sample M4.1. 
Domain structures are visible in the amplitude/phase of the 
piezoresponse. 
333 
Figure 11-16 Switching spectroscopy piezoresponse force microscopy (SS-PFM) 
measurements on (a) off-membrane and (b) on-membrane 
locations. Nested butterfly loops are shown, at 2 V increments. Raw 
data is shown in light gray, and has been smoothed with an adjacent-
point averaging filter for better visualization. 
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Figure 11-17 Scanning transmission electron microscopy (STEM) images of (a) 
on-membrane (~1 µm residual Si) and (b) off-membrane (500 µm 
Si substrate) from sample set M1. Dotted arrows indicate 
crystallization interfaces, consisting of three individual layers of 
0.4M PZT. Delamination of the PZT and bottom electrode contact 
from the SiO2 elastic layer occurred at some point during testing or 
STEM sample preparation for the on-membrane sample (a). 
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Figure 12-1 Changes to unit cell parameters in ceramic PZT exposed to a range 
of neutron doses, demonstrating the trend towards a phase transition 
from tetragonal to cubic structure.99 
355 
Figure 12-2 Capacitance-voltage (C-V) curves for PZT thin films irradated with 
2.5 Mrad gamma dose, and measured before, directly after (Loop 1 
and 2), and after 4200 min relaxation time. (a) shows measurements 
of samples on which +20 V was applied during irradiation, and (b), 
-20 V. Data courtesy of Cory D. Cress (US Naval Research 
Laboratory), Ronald G. Polcawich (US Army Research 
Laboratory), and Ryan Q. Rudy (US Army Research Laboratory). 
357 
Figure 12-3 Synchrotron XRD data for (a) 0 Mrad and (b) 10 Mrad gamma 
radiation exposure of PZT thin films at different bias conditions, 
effectively demonstrating the lack of radiation-induced lattice 
distortion in the irradiated samples. Data courtesy of Jacob L. Jones, 
North Carolina State University. 
359 
Figure 12-4 SEM micrographs of 600 nm thick PMN-PT thin films, 
demonstrating domed grains and high porosity in the material due 
to Pb loss at high crystallization temperatures.362 
361 
Figure 12-5 Functional properties in PZT/PMN-PT thin films fabricated at 
Georgia Tech, demonstrating interesting properties and potential 
enhancements of functional response as a function of hetero-layered 
film fraction. Data courtesy of Evelyn Chin, Georgia Institute of 
Technology. 
363 
Figure 12-6 (a) High-angle, annular dark-field (HAADF) image of a 
compositionally graded PZT thin film.351 (b) Out-of-plane, (c) in-
plane strain, and (d) unit cell rotation imaged on the film’s cross 
section with nanobeam diffraction techniques. (e) Plot of strain as a 
function of distance from the substrate. 
367 
Figure 12-7 Image of free-standing PZT nanotubes, demonstrating the confined 
nature of the ferroelectric material, making it less susceptible to 
long-range effects on domain wall motion arising from radiation-
induced defects.370 
368 
Figure 12-8 Temperature dependence of (a) electromechanical couplings and (b) 
dielectric permittivity in ceramic PZT Navy Type II, PKI-502 (soft 
composition).371 Notably, large instability of response occurs as the 
Curie temperature is approached. 
370 
Figure 12-9 Electron paramagnetic resonance (EPR) of pre-irradiation PZT 
material stack. The “dark” signal with a g-value of ~2.005 and 
FWHM of ~10 G is very similar to the values reported in the 
literature for singly-ionized oxygen vacancies in powdered PZT 
373 
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samples.175 The “PSi” show spectra associated with shallow 
phosphorous donors in the Si substrate. Data and figure courtesy of 
Evan R. Glaser, US Naval Research Laboratory. 
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LIST OF SYMBOLS AND ABBREVIATIONS 
2-MOE 2-Methoxyethanol 
A Cross-sectional area of parallel plate capacitor, equal to top electrode area 
AFM Atomic force microscopy 
Amp Amplitude of the piezoresponse 
ARL US Army Research Laboratory 
BE-PFM Band-excitation piezoresponse force microscopy 
BE-SSPFM Band-excitation switching spectroscopy piezoresponse force microscopy 
BOE Buffered oxide etch 
C Capacitance 
CMOS Complementary metal-oxide-semiconductor 
CSD Chemical solution deposition 
d Thickness of dielectric media in parallel plate capacitor, i.e., film thickness 
D Flexural rigidity 
d' Real component of the piezoelectric coefficient 
d'' Imaginary component of the piezoelectric coefficient 
d* Complex piezoelectric coefficient 
d33 Converse piezoelectric coefficient 
d33,f Effective, converse piezoelectric coefficient 
d33,f,max Maximum, effective, converse piezoelectric coefficient 
d33,f,remanent 
(d33,f,rem) 
Remanent, effective, converse piezoelectric coefficient 
d33,f,saturation 
(d33,f,sat) 
Saturation, effective, converse piezoelectric coefficient 
 xxxvi 
DART Dual amplitude resonance tracking 
DBLI Double beam laser interferometer 
delectrode Electrode diameter 
Di Electric displacement field 
DI Deionized (water) 
dij Longitudinal piezoelectric coefficients tensor (reduced engineering 
notation) 
dijk Longitudinal piezoelectric coefficients tensor 
dinit Reversible Rayleigh piezoelectric parameter 
DRIE Deep reactive ion etching 
DSP Double-side polished 
dspace Interatomic spacing of atoms in crystal lattice 
E Electric field 
EAC AC electric field 
EBSD Electron backscatter diffraction 
EC Coercive field 
EDC DC electric field 
EDX Energy dispersive X-ray spectroscopy 
eij Transverse piezoelectric coefficients tensor (reduced engineering notation) 
ekij Transverse piezoelectric coefficients tensor 
Einternal Horizontal shift in polarization-field and piezoelectric response hysteresis 
loops, equal to internal electrical bias 
ESR Electron spin resonance 
Eth Threshold electric field for nonlinear AC dielectric response 
Ey Young’s modulus 
FEA Finite element analysis 
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FeRAM Ferroelectric random access memory (RAM) 
FE-SEM Field-emission scanning electron microscopy 
FIB Focused ion beam 
FWHM Full width at half maximum 
HAADF High-angle annular dark field  
I Intensity (of collected diffracted X-rays) 
IMO Inverted mixing order 
IPA Isopropyl alcohol 
j −1 
k Effective rate of defect saturation in arbitrarily-defined volume of 
functional material 
LCR Inductance, capacitance, resistance 
LET Linear energy transfer 
M Molarity 
MEMS Microelectromechanical systems 
MIEC Mixed ionic-electronic conductor 
MLA Multi-layer anneal 
MLCC Multilayer ceramic capacitor 
MPB Morphotropic phase boundary 
n Diffraction order, Bragg’s law 
N Defect population in arbitrarily-defined volume of functional material 
NRL US Naval Research Laboratory 
P Polarization response 
p Applied differential pressure 
PDF Powder diffraction file 
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P-E Polarization-electric field (hysteresis loop measurement) 
PEB Post-exposure bake 
PFM Piezoresponse force microscopy 
pi Pyroelectric coefficient 
PLF Lotgering factor peak summations 
PR Photoresist 
pR/T Periodic rhombohedral/tetragonal 
Prem Remanent polarization 
Psat Saturation polarization 
PTFE Polytetrafluoroethylene 
PTO PbTiO3 (lead titanate) 
PV Photovoltaic 
PVDF Polyvinylidene fluoride 
PZO PbZrO3 (lead zirconate) 
PZT Pb(Zr,Ti)O3 (lead zirconate titanate) 
R Radius of curvature 
r Radius 
R/T Rhombohedral/tetragonal (crystallographic phases of PZT) 
RF Radio-frequency 
RID Radiation-induced degradation 
RTP Rapid thermal processor 
SEM Scanning electron microscopy 
SHO Simple harmonic oscillator 
SNR Signal-to-noise ratio 
SOFC Solid oxide fuel cell 
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SSP Single-side polished 
SS-PFM Switching spectroscopy piezoresponse force microscopy 
STEM Scanning transmission electron microscopy 
T Temperature 
tan(δ) Dielectric loss tangent; dissipation factor 
TC Curie (transition) temperature 
TEM Transmission electron microscopy 
TID Total ionization dose 
TKD Transmission Kikuchi diffraction 
ToF-SIMS Time of flight secondary ion mass spectrometry 
V Electrical bias 
Vd Normalized volume affected by defect interactions in arbitrarily-defined 




Vdef Volume of functional material affected by defect interactions 
Vfree Free material volume in arbitrarily-defined volume of functional material 
VN Volume of material impacted by Nth defect 
VT Total material volume in arbitrarily-defined volume of functional material 
W Maximum deflection 
W(N) Weighting function 
x Percent composition 
xij Mechanical strain matrix 
XPS X-ray photoelectron spectroscopy 
XRD X-ray diffraction 
YBCO Yttrium barium copper oxide 
α Irreversible Rayleigh parameter 
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α/εinit Rayleigh irreversible:reversible ratio 
αd Irreversible Rayleigh piezoelectric parameter 
γ Shear strain 
ΔP/2 Vertical shift in polarization-field hysteresis loops 
δz Membrane deflection 
ε Dielectric permittivity 
ϵ Strain 
ε' Real component of the dielectric permittivity 
ε'' Imaginary component of the dielectric permittivity 
ε* Complex dielectric permittivity 
ε0 Permittivity of free space 
εDC Dielectric permittivity from DC tunability hysteresis measurement 
εinit Reversible Rayleigh parameter 
εr Relative dielectric permittivity 
θ Diffraction angle 
λ Wavelength 
Λ Layer periodicity 
ν Poisson’s ratio 
σi Mechanical stress matrix (reduced engineering notation) 
σij Mechanical stress matrix 
τ Shear stress 
ϕ Piezorespone phase angle 
φN Normalized change in material volume impacted by Nth defect in arbitrarily-
defined volume of functional material, equal to #(
#'
 
χij Dielectric susceptibility 
 xli 
SUMMARY 
 In recent years, the continuous thrust toward developing microelectronic devices 
with greater autonomy, reduced footprint size, and large-scale interconnection has 
necessitated high-performance materials capable of fulfilling multiple functional roles. 
Ferroelectric materials, and specifically lead zirconate titanate (PZT), boast large dielectric, 
polarization, and electromechanical responses, making them ideal for 
microelectromechanical systems (MEMS) sensors and actuators, energy harvesters, 
multilayer ceramic capacitors (MLCC), ferroelectric logic elements and relays, etc. 
However, many of the most compelling applications for these types of devices – space 
travel, satellite communications, nuclear energy, and unmanned reconnaissance – 
concurrently require sustained operation in extremely demanding radiation-hostile 
environments. Radiation, both ionizing and displacive, has been shown to substantially 
degrade the functional responses of ferroelectric thin films, thus rendering the development 
of techniques for increased radiation tolerance of these materials critically important.  
 In this work, a multifaceted investigation towards increasing radiation hardness was 
undertaken, focusing on an array of critical interfaces and interactions in the ferroelectric 
material stack. Generally, the presence of (radiation-modified) oxygen vacancies at these 
interfaces resulted in substantial degradation of measured functional responses. Oyxgen 
vacancy motion, accumulation, and self-ordering have long been associated with 
ferroelectric fatigue, which results in the suppression of polarization and the pinning of 
domain wall motion in ferroelectric materials. Furthermore, the exposure of oxygen 
vacancies to ionizing radiation can trap charges, yielding a singly-charged species of 
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increased mobility. The work in this thesis aims to elucidate the fundamental interactions 
of radiation-induced defects with the ferroelectric material at critical interfaces, and 
attempts to discover methods for mitigating the damage caused by these interactions.  
 First, the hetero-interface between the ferroelectric thin film and top electrode 
contact was investigated with exposure to 2.5 Mrad gamma radiation, concluding that 
samples with IrO2 top electrodes are more radiation hard than those with Pt top electrodes. 
IrO2 top electrodes are conductive to ionic motion, especially that of mobile oxygen 
vacancies; on the other hand, accumulation of mobile oxygen vacancies at the interface 
between Pt top electrodes and PZT results in ferroelectric fatigue-like effects and greater 
degradation of functional properties. This critical interaction between radiation, oxygen 
vacancies, and the ferroelectric material lead to an array of investigations designed to 
elucidate its fundamental nature, as well as methods for its mitigation. 
 While single-dose radiation studies provide a glimpse of material and device 
behavior in radiation-hostile settings, total ionization dose (TID) studies more adequately 
simulate real-world conditions by probing material behavior across a valuable range of 
exposure doses. However, comparison of functional properties for multiple design 
parameters across this range of radiation doses can become cumbersome. A 
phenomenological model was thus developed to quantify functional behavior with TID, 
relying on the fact that radiation induces defects and defect-defect interactions that modify 
functional material response. Fitting of functional response trends as a function of TID 
with the phenomenological model yields two important parameters describing (i) the global 
susceptibility to radiation-induced degradation by induced defects and (ii) the rate of defect 
saturation in the material. Extraction and comparison of these parameters allows for 
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quantification of defect interactions as a function of microstructural and compositional 
variations in ferroelectric thin films. Furthermore, the model was applied to other 
functional materials, including those used for solid oxide fuel cells (SOFCs) and high-
temperature superconductors; as well as methods for manipulating defect populations, e.g., 
radiation, ion implantation, chemical doping, etc.  
 The derived model was employed to study multiple changes to the ferroelectric 
material stack, including variations in PZT thin film microstructure and crystallization 
interface frequency, whose effects are closely intertwined and dependent on thermal 
processing histories of the films. First, investigations comparing PZT thin films with 
columnar and equiaxed grains showed that, generally, samples with smaller, more 
uniformly-oriented columnar grains were more resistant to radiation-induced degradation 
of domain wall motion, and exhibited reduced rates of defect saturation compared to 
samples with equiaxed grains. Greater grain boundary in the columnar samples resulted in 
greater defect accumulation at grain boundaries, effectively acting as defect sinks for 
mobile oxygen vacancies and potentially reducing their deleterious effects with respect to 
equiaxed-grained samples. The radiation-induced defects were concluded to be of 
relatively low pinning energy, and overcome at elevated electric field.  
 Studies of crystallization interface periodicity from a functional response 
enhancement perspective showed that microstructural discontinuity, compositional 
fluctuations, crystallographic phase, and potential flexoelectric effects play critical roles in 
determining the extent of intrinsic and extrinsic contributions to the functional response. 
This investigation was expanded to include TID studies on the effects of layer 
crystallization interfaces in PZT thin films, showing that samples with greater frequency 
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of crystallization through the thickness of the film and more discrete interfaces were more 
susceptible to radiation-induced degradation, again due to mobile oxygen vacancy 
accumulation at more numerous internal interfaces. Interestingly, PZT thin films annealed 
after every one and every three layers both showed small enhancements of dielectric, 
polarization, and piezoelectric responses at low radiation doses, likely due to the effects of 
radiation-induced charging on internal bias in the films. Samples with greater frequency of 
crystallized layers demonstrated greater enhancements and reduced susceptibility to 
degradation of polarization and piezoelectric responses across the TID range, potentially 
resulting from increased radiation-induced symmetry of internal bias in samples with more 
even distribution of layer interfaces through the thickness of the film.  
 Given the prominent effects of oxygen vacancy concentration on radiation-induced 
degradation of functional properties in PZT thin films, methods for reducing as-fabricated, 
pre-irradiation oxygen vacancy populations were investigated. Mn acceptor-doping of the 
PZT solid solution can effectively consume oxygen vacancies, resulting in a “hard” PZT 
composition and dramatically increasing radiation tolerance relative to undoped PZT 
samples. Defect dipoles formed between substituted Mn ions and oxygen vacancies pin 
domain wall motion and reduce overall sample response prior to irradiation, but diminish 
the population of mobile oxygen vacancies (relative to undoped PZT), thus increasing 
radiation hardness of Mn-doped samples across all gamma doses studied. 
 Finally, components of the lower material stack were studied in order to evaluate 
their potential effects on ferroelectric functional properties and their tolerance to radiation. 
The elastic layer and substrate do not directly contact the ferroelectric layer in the material 
stack, yet modification thereof resulted in substantial impact to measured functional 
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response. Modification of the elastic layer thickness and material selection produced 
notable changes in radiation-induced degradation trends, suggesting that residual stress 
generated in the ferroelectric thin film can significantly affect defect motion and eventual 
radiation tolerance. Related preliminary work to selectively release the PZT thin film from 
the substrate via backside plasma etching of the Si substrate demonstrated substantial 
modification of stress in the ferroelectric material and accompanying changes to its 
functional response – enormous enhancements to electromechanical properties and minor 
local modifications to dielectric and ferroelectric response. These results, coupled with 
those from TID studies on elastic layer variations, suggest that components of the material 
stack have significant effects on residual stress and film clamping, and thus are likely to 
affect radiation and defect interactions with the ferroelectric material. 
 The studies presented in this thesis serve to expand the fundamental scientific 
understanding of the interaction of radiation with ferroelectric thin films. Such 
understanding is leveraged to develop direct engineering approaches to mitigate radiation-
induced degradation in ferroelectric thin films. Modification of critical interfaces in the 
ferroelectric material stack can have dramatic effects on the interaction of radiation with 
the material, defect generation, defect-ferroelectric and defect-defect interactions, and the 
eventual effects on functional response. This knowledge of radiation-induced defect 
interactions is beneficial for further development of approaches to fabricating radiation-









This chapter outlines the motivation for the research and the work undertaken, including 
the main objectives for this thesis. A basic overview of approaches to enhancing radiation 





Since the genesis of the transistor, the continuous development of semiconductor 
and functional materials has led to extraordinary advances of microelectronics devices. As 
these devices are driven further towards increased miniaturization and multifunctionality, 
ferroelectric thin films have assumed a critical role for sensing and actuation in a variety 
of applications. A diverse range of microelectromechanical system (MEMS) sensors and 
actuators, non-volatile logic and memory elements (e.g., FeRAM), multilayer ceramic 
capacitors (MLCC), energy harvesting systems, and various devices for medical and 
security applications leverage the large dielectric, piezoelectric, and pyroelectric properties 
inherent to ferroelectric materials. These advantageous properties are in large part owed to 
hysteretically and nonlinearly mobile internal interfaces, such as domain walls and 
eventual phase boundaries, i.e., extrinsic contributions, which are the focus of intense 
research aimed at property enhancement in ferroelectric thin films. The rapid progress of 
devices that leverage these functionalities has expanded to include devices capable of 
sustained operation in radiation-hostile environments, such as applications in satellite 
communications, surveillance, nuclear power, etc. However, the accumulation and 
interactions of defects, either inherent or stimulated by exposure to radiation and high 
energy beams, have been shown to degrade dielectric and electromechanical response in 
ferroelectrics by pinning domain wall motion, restricting domain nucleation, and 
suppressing polarization switching. Furthermore, in sub-micron-thickness films, both 
extrinsic and intrinsic size effects tend to strongly limit dielectric and electromechanical 
response, manifest through grain size variation, ferroelectric dead layers, space charge 
depletion layers, stoichiometric inconsistencies, and residual substrate clamping. Hence, it 
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is necessary to develop methods for processing ferroelectric thin films that increase 
radiation hardness and mitigate degradation of functional response during operation in 
radiation-hostile environments. 
This work presents multiple major, multifaceted contributions to the science 
governing ferroelectric materials for use in multifunctional MEMS sensors and actuators, 
particularly for those operating in radiation-hostile environments. The methods and studies 
focus on various critical interfaces in the ferroelectric material stack and the interactions 
of defects and radiation with them. Initial work on top electrode material in gamma-
irradiated PZT thin films highlighted the critical interaction of radiation with defects in the 
material. Generally, oxygen vacancies and electronic defects are created or activated by 
exposure to ionizing radiation, resulting in increased defect mobility, defect accumulation 
at internal interfaces, and substantial modification of the ferroelectric material’s functional 
response. To more comprehensively study the interactions of radiation-induced defects, a 
phenomenological model was developed and used to quantify defect interactions in 
ferroelectric materials as a function of total ionization dose (TID) and related to their effects 
on functional response. The model, coupled with radiation studies, not only helps to 
quantify radiation-induced degradation of ferroelectric materials, but also allows for 
investigations of defect interactions in the material, elucidating the fundamental 
mechanisms responsible for enhanced or suppressed functional response in these materials, 
and therefore proving beneficial even during operation in low-radiation environments. 
Subsequent investigations leveraged increased knowledge of the fundamental 
interactions of radiation with critical interfaces in the PZT thin film to substantially 
mitigate radiation-induced degradation of the functional response. Variation of the films’ 
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internal interfaces is achieved through unique processing methods, including deliberate 
fabrication of anisotropic ferroelectric grain interfaces and modification of the layer 
crystallization interfaces to induce chemical heterogeneity. However, the strong 
dependence of the functional response on oxygen-related defect concentration in irradiated 
PZT thin films cannot be understated – their presence, mobility, and accumulation lead to 
substantial reduction of dielectric, ferroelectric, and piezoelectric properties. Accordingly, 
Mn acceptor doping was investigated as a means for reducing as-fabricated mobile oxygen 
vacancy concentration. Mn-doped films demonstrated a high level of radiation tolerance 
and functional response stability across a large TID range due to the reduction of these 
mobile oxygen vacancies in the ferroelectric thin film. 
Studies to modify the lower material stack (i.e., elastic layer and substrate) were 
undertaken by changing external electromechanical interfaces in the material stack. 
Measured changes to in-plane residual stress in the ferroelectric film via elastic layer 
modification were shown to noticeably affect radiation tolerance. Furthermore, backside 
etching of the substrate to release the PZT thin film from clamping resulted in vast changes 
to the stress state in the film. Hence, modification of the lower material stack yields clear 
changes to residual stress in the ferroelectric thin film, and is expected to affect defect 
motion and radiation tolerance in future studies.  
This multifaceted approach to enhanced radiation hardness of ferroelectric 
materials stacks leverages an increased understanding of the behavior of irradiated 
ferroelectric materials at various critical interfaces to achieve higher performance materials 
and devices. However, while methods for increasing radiation hardness and functional 
responses in ferroelectric thin films are beneficial in and of themselves, this work primarily 
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aims to probe the underlying mechanisms that drive ferroelectric functional response. Thus, 
the overarching goal of this research is to understand the physical phenomena that influence 
functional responses in ferroelectric thin films, by studying the contributions of both 
internal and external interfaces, the interaction of radiation with said interfaces and the 
material stack, and the resulting defect interactions in the ferroelectric material. Increased 
radiation hardness is anticipated through engineering of electromechanical, electrical, 
microstructural, chemical, and crystallographic boundary conditions both internally within 
the film, and externally in the overall material stack.  
 
1.2 Thesis Organization 
Literature Review (CHAPTER 2) 
Background information is provided regarding ferroelectricity, radiation, defects, 
and related topics. Approaches to measuring dielectric and electromechanical responses in 
ferroelectric materials are reviewed, including the Rayleigh method to quantify 
intrinsic/extrinsic response in ferroelectrics. The general effects of defect concentrations 
and defect interactions are reviewed, with a specific focus on the effects of radiation on the 
structural and functional properties of ferroelectric materials.  
Approach and Experimental Methods (CHAPTER 3) 
Experimental procedures for modifying critical interfaces and boundary conditions 
in the ferroelectric thin film material stack are discussed in detail in this chapter. These 
include the experimental methods for fabrication, characterization, and irradiation of the 
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PZT thin films used in this research. Chemical solution deposition (CSD) is discussed, as 
well as the suite of functional characterization measurements performed to interrogate 
dielectric, polarization, and electromechanical responses in the samples. Additional 
methods, such as piezoresponse force microscopy (PFM) are also presented. 
Electromechanical Interface at the Ferroelectric-Electrode Boundary (CHAPTER 4) 
This chapter reports the effects of material selection at the ferroelectric-electrode 
interface on the gamma radiation-induced degradation of PZT thin films. An understanding 
of defect interactions at the hetero-interface between the top electrode and ferroelectric 
film contributes to the engineering of highly radiation-tolerant material stacks. Radiation-
induced modification of oxygen vacancies and their subsequent effects on functional 
response are identified as the primary cause of functional response degradation. 
Phenomenological Model for Quantifying Defect Interactions in Irradiated Functional 
Materials (CHAPTER 5) 
 The prevalence of radiation-induced defect interactions stands to benefit from the 
quantification of material response trends as a function of radiation dose, which is directly 
correlated to defect population in ferroelectric materials. A phenomenological model is 
developed and implemented for such quantification, with the ultimate goal not only of 
aiding in comparisons of critical ferroelectric-radiation-defect interactions in this thesis, 
but of becoming a tool in defect engineering and functional response control in functional 
metal oxides. 
Internal Grain Boundary Interfaces (CHAPTER 6) 
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The previously-identified radiation-induced modification and mobility of oxygen 
vacancies is investigated in relation to grain boundary configuration in PZT thin films. A 
range of gamma radiation doses is used to induce elevated levels of defect interactions to 
explore the function of grain boundary density, grain size, and grain morphology in 
columnar vs. equiaxed grain structures. The phenomenological model from CHAPTER 5 
is employed to quantify and compare the effects of material microstructure on response. 
Functional and Structural Effects of Internal Layer Interfaces and Chemical 
Heterogeneity (CHAPTER 7) 
The work in CHAPTER 6 demonstrated a strong dependence of radiation tolerance 
and functional response on ferroelectric microstructural factors. To further investigate 
these effects, crystallized layer periodicity in CSD PZT thin films is studied with respect 
to structural and functional changes; in CHAPTER 8, similar films are irradiated and 
studied. Large chemical heterogeneity from asymmetric nucleation and growth behavior 
during crystallization of individual PZT layers results in large Zr/Ti oscillations through 
the thickness of the films. R/T phases are expected to correspond to the Zr-/Ti-rich regions, 
and resulting changes in extrinsic and intrinsic contributions to the functional response are 
studied. Variations in response are attributed to large changes to internal microstructure, 
chemical heterogeneity, and compositional fluctuations relative to the morphotropic phase 
boundary (MPB). 
Layer Crystallization Interfaces: Interaction with Radiation (CHAPTER 8) 
The work in CHAPTER 7 demonstrated significant structural and functional effects 
of varying layer crystallization interfaces in pre-irradiated samples. In this chapter, similar 
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films are studied as a function of TID and correlated to the periodicity of crystallization 
interfaces and chemical heterogeneity to radiation-induced defects and their mobility. 
Radiation interacts strongly with defects, the internal film crystallization interfaces, and 
grain boundaries, causing nonlinear trends of response degradation with radiation dose. 
Notable enhancements to the functional response are also observed due to neutralization of 
internal bias in the films. 
Internal Dopant Defect Interactions (CHAPTER 9) 
 Investigations of top electrode material, microstructure, and layer crystallization 
interfaces highlighted the significance of oxygen vacancies in ferroelectric thin films 
exposed to ionizing radiation. To study films with reduced populations of deleterious 
mobile oxygen vacancies, the PZT solid solution was doped with large quantities of 
acceptor Mn, which effectively consumes oxygen vacancies by creating 𝑀𝑛+,/./00 − 𝑉2∙∙ 
defect dipoles. These defect dipoles pin domain wall motion and reduce pre-irradiation 
functional response, but the subsequently lower concentration of mobile oxygen vacancies 
yields much greater stability of functional response in Mn-doped samples over the TID 
range studied (with respect to undoped samples). Application of the model derived in 
CHAPTER 5 is used to aid in comparison the 4 wt.% Mn-doped PZT thin films to undoped 
films as a function of gamma TID. 
Elastic Layer Boundary and Effects of Residual Stress (CHAPTER 10) 
The final two chapters of this thesis deal with modification of components of the 
lower material stack that do not directly contact the ferroelectric thin film. These 
components are particularly important for eventual implementation of the ferroelectric thin 
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film in MEMS devices, where the substrate may be modified to meet the needs of the 
intended application. First, in this chapter, trends in gamma-irradiated functional response 
are investigated as a function residual stress induced by variation of elastic layer thickness 
and material selection. Both parameters are shown to significantly modify in-plane strain 
in the PZT thin film. These changes in residual stress are correlated to significant variations 
in functional response after exposure to radiation, suggesting a strong role of film stress in 
determining defect motion and radiation tolerance in ferroelectric thin films.  
Substrate Mechanical Interface and Residual Film Clamping Effects (CHAPTER 11) 
To continue the investigation of the components of the lower material stack, the 
influence of the mechanical substrate-film boundary in PZT thin films is explored by 
reducing the degree of substrate-induced film clamping. Reduced mechanical constraint of 
the film to the substrate yields dramatic enhancement of electromechanical response, and 
potentially allows for increased long-range domain wall motion with the complex 
interaction of stress states and material stack components in the substrate-released PZT 
thin films. As demonstrated in CHAPTER 10, a strong stress variation in the ferroelectric 
is expected to affect radiation tolerance, and suggests that modification of the substrate, as 
is common for MEMS devices and packaging, is a critical focus for ongoing work. 
Conclusions and Future Work (CHAPTER 12) 
 A summary of the research performed and recommendations for potential areas of 
future work regarding increased radiation hardness in ferroelectric thin films for MEMS 
applications. Avenues toward enhanced scientific understanding and improved engineering 
methods are discussed.  
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This chapter outlines background information and essential work from the literature that is 
relevant to the investigations presented in this thesis. Pertinent theory regarding 
piezoelectric and ferroelectric materials is discussed, including the origins of spontaneous 
polarization, hysteretic functional response, ferroelectric domains, and intrinsic/extrinsic 
contributions to the dielectric and piezoelectric responses. The lead zirconate titanate 
(PZT) solid solution is introduced, including discussion of the morphotropic phase 
boundary (MPB). The general effects of radiation on solid matter are outlined, with specific 





Piezoelectrics are materials that develop a polarization in response to an applied 
stress or strain. The converse piezoelectric effect describes the development of stress or 
strain in the material under application of an external electric field. Piezoelectricity arises 
due to the occurrence of asymmetric electric dipole moments in solid materials, induced 
primarily by ions in the crystal lattice with asymmetric charge surroundings. Of the 32 
crystallographic point groups, 21 are non-centrosymmetric, with 20 of those demonstrating 
piezoelectricity (Figure 2-1).  
 
Figure 2-1 Point groups demonstrating relationship between piezoelectricity, 
pyroelectricity, and ferroelectricity. 
The development of an electric displacement field, Di, in response to an applied 
stress (sjk) or strain (xjk) in a piezoelectric material is given by the expression: 
 𝐷/ = 𝑑/78𝜎78		𝑜𝑟		𝐷/ = 𝑒/78𝑥78 2-1 
Crystallographic Point Groups (32)
Centrosymmetric (11) Non-centrosymmetric (21)







where dijk and eijk are the piezoelectric coefficients of a third rank tensor, and are related 
through the appropriate stiffness tensor.1 The converse piezoelectric effect, on the other 
hand, describes the development of strain or stress as a function of applied electric field, 
Ek, and can be expressed similarly: 
 𝑥/7 = 	𝑑8/7𝐸8		𝑜𝑟		𝜎/7 = 𝑒8/7𝐸8 2-2  
For more practical use and reference, the coupling coefficients can also be described in 
reduced matrix form (engineering notation), dij, where i is the component of the electric 
displacement field, Di, and sjk and xjk have been reduced to sj and xj, respectively. The 
index j = 1 to 6 describes the mechanical stress or strain: j = 1, 2, or 3, corresponding to 
the normal stresses along the Cartesian x1, x2, and x3 directions, respectively.2 The shear 
stresses τ12, τ13, and τ23 are replaced by s4, s5, and s6, respectively; similar reductions are 
made to the shear strains: γ12, γ13, and γ23 are substituted with x4, x5, and x6, respectively.2  
Thus,  
 𝐷/ = 𝑑/7𝜎7		𝑜𝑟		𝐷/ = 𝑒/7𝑥7 2-3 
 𝑥/ = 	𝑑/7𝐸7		𝑜𝑟		𝜎/ = 𝑒/7𝐸7 2-4 
Figure 2-2 demonstrates the effects of the piezoelectric and converse piezoelectric effects. 
The linear relationships in Equations 2-1, 2-2, 2-3, and 2-4 adequately describe functional 
piezoelectric and converse piezoelectric responses at low applied stress or electric field.3 
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Figure 2-2. Schematic illustrating the (a) piezoelectric and (b) the converse 
piezoelectric effects. P and the accompanying arrow denote the polarization 
direction.2 
 The classes of piezoelectric materials can be further specified into polar and non-
polar groups (Figure 2-1). Polar materials are those which exhibit a spontaneous charge 
separation or dipole moment in the absence of applied electric field. All polar crystal 
classes are pyroelectric; a pyroelectric material generates a net polarization as a function 
of temperature change. The pyroelectric coefficient, pi, relates this proportional change in 
electric displacement field to a change in temperature:4 























 Polar materials can be further separated into ferroelectric and non-ferroelectric 
(Figure 2-1). A ferroelectric material possesses a spontaneous polarization that is re-
orientable via application of electric field. Not all polar/pyroelectric materials are 
ferroelectric due to the fact that the electric field necessary to reorient the spontaneous 
dipole may exceed the dielectric strength of the material (Figure 2-3), and two or more 
energetically equivalent polarization directions must exist in the material to constitute 
ferroelectricity. In the following section, specifics of ferroelectric materials and their 
fundamental behavior will be discussed. 
 
Figure 2-3 Classification of dielectric, piezoelectric, pyroelectric, and ferroelectric 
materials. 
2.2 Ferroelectric Materials 
Ferroelectrics are polar materials that possess at least two equivalent, spontaneous 
polarization states in the absence of an electric field, and are switchable via application of 
a sufficiently large electric field.4,5 By virtue of the presence of the spontaneous 
polarization, they also exhibit (typically strong) pyroelectric, piezoelectric, and dielectric 
responses.4 During synthesis or fabrication, most ferroelectric materials undergo a 
structural phase change from a high-temperature, non-ferroelectric, paraelectric phase, to 
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a low-temperature ferroelectric phase; the transition temperature between the paraelectric 
and ferroelectric phases is called the Curie temperature, TC.  
Regions of the material exhibiting (nearly) uniform direction of dipoles are known 
as ferroelectric domains, and are formed during the cooling process from paraelectric to 
ferroelectric phases. Their formation minimizes electrostatic energy of depolarizing fields, 
as well as the electrostatic and elastic energies associated with the appearance of 
spontaneous polarization and strain during the phase transition (Figure 2-4).4 Domain walls 
are the regions between individual domains, and are established by the various axes of 
polarizability in the crystal lattice: e.g., 90° and 180° for the tetragonal distortion; 71°, 
109°, and 180° for rhombohedral. The mobility of these domain walls is determined by the 
internal energy landscape of the material, owed to electric and elastic fields associated with 
lattice defects (including vacancy and point defects), other domain walls, dislocations, 
grain boundaries, and hetero-interfaces with the electrodes and/or substrate.6,7 For reasons 
of simplification, domain walls will be considered the major internal interfaces responsible 
for extrinsic contributions to dielectric and piezoelectric responses, while keeping in mind 
that phase boundary motion and/or defect dipole reorientation can contribute in a similar 
manner to functional response, though typically observed to a lesser degree. 
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Figure 2-4 Schematic representation of ferroelastic domains. (a) shows 90° and 180° 
domain walls, (b) shows domains formed within grains.8 
Ferroelectric materials exhibit a hallmark hysteretic response of polarization. 
(Figure 2-5). In a virgin, polycrystalline ferroelectric material, the application of a small 
electric field (Ej) at point (O) (Figure 2-5) results in an initially linear increase to the 
polarization response (Pi) with increasing electric field, while the dielectric susceptibility 
(χij) remains constant, according to the formula: 
 𝑃/ = χ/7𝐸7 2-6 
Increasing the applied electric field results in switching of the domains in order to increase 
alignment of the spontaneous polarization directions to conform with the direction of the 
applied electric field, in a nonlinear manner, until saturation of the polarization response 
occurs at point (A) (Psat+) (Figure 2-5). As the magnitude of the electric field is then 
reduced, some domains will switch back to their initial polarization direction, but an overall 
spontaneous polarization, called the remanent polarization, Prem+, persists at point (B) in 
the absence of applied electric field (Figure 2-5). Small domain nucleation begins as the 
electric field is inverted and passes (B). As the field is driven in the negative direction, an 
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eventual net zero polarization is realized at point C, the negative coercive field (EC-) (Figure 
2-5), where the macroscopic polarization is said to “switch”. Between this point and the 
negative saturation polarization, domain nuclei grow, and eventually result in (ideally) a 
uniformly-polarized domain in a single direction at Psat-. Reducing the magnitude of the 
negative applied electric field begins the process in the opposite polarization direction, 
until reaching Psat+ again. Subsequent loops driven sequentially will follow the outer path 
shown in Figure 2-5a, i.e., the path from O to A is observed only during the initial increase 
of the positive electric field from zero. If the macroscopic strain is plotted as a function of 
AC electric field, the hysteretic behavior typically follows a path similar to that shown in 
Figure 2-6a, also known as the “butterfly loop.” 
 
Figure 2-5 Schematic representation of the (a) polarization-electric field (P-E) loop 
and (b) domain states at important points along the hysteresis loop. Adapted from.9 
 With application of a DC electric field (EDC), reorientation of the spontaneous 
polarization will typically result in a nonlinear hysteretic relationship of the effective 



















typically superimposed on top of the DC bias in order to make this measurement, and the 
piezoelectric response is measured at discrete intervals of DC bias.  
 
Figure 2-6 Representations of the (a) strain-AC electric field hysteresis loop and the 
(B) piezoelectric-DC electric field hysteresis loop, in polycrystalline ferroelectric 
materials.10,11 
 
2.3 Perovskite Structure 
 Multiple crystal structures exhibit ferroelectricity, but perhaps the most commonly 
studied and technologically important is the perovskite structure. The prototypical 
perovskite structure consists of the general chemical formula ABO3 where A and B sites 
are occupied by cations of typically very different sizes, and O is anionic oxygen bonded 
to both cations (Figure 2-7). Most generally, the A-site cation forms a body-centered cubic 
(BCC)-derivative structure with the B-site cation in the body center, and octahedral 
coordination of the oxygen atoms in the lattice.12 However, in many perovskite-structured 
materials, the cubic structure is unstable, especially at low temperatures, leading to distinct 
distortions and corresponding diversity in the structural phase diagrams. The tetragonal 
a) b)
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distortion of the ABO3 perovskite cell is shown in Figure 2-7b, inducing a spontaneous 
polarization in the ferroelectric phase. A plethora of perovskite-phase materials have been 
intensely studied over the years for their diverse range of material properties and 
functionalities, such as BaTiO3 for ceramic capacitors, SrTiO3 for superconductor 
substrates, and PbTiO3 for use in transducers, thermistors, and optoelectronics. 
 
Figure 2-7 Schematic of prototypical perovskite structure, in the phase ABO3. (a) 
shows the high-temperature, paraelectric phase with cubic structure, and (b) shows 
the tetragonal distortion in the low-temperature ferroelectric phase.  
 
2.4 Ferroelectric Poling 
 Upon fabrication and cooling of a ferroelectric material from the paraelectric phase, 
the initial directions of spontaneous polarization and domain orientation are nonuniform 
and randomly distributed in such a manner as to result in nearly net zero (or very small) 
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polarization. This averaging of spontaneous polarization to zero over the full volume 
renders the material essentially non-polarized, hence, non-piezoelectric, in that state.4 
“Poling” can be employed to induce a polar state in the material by applying a strong 
electric field in the range of 10-100 kV/cm, often at elevated temperatures.4 This process 
reorients domains within individual grains towards the available polarization direction that 
is best aligned with respect to the direction of the applied electric field, thereby resulting 
in a non-zero response (Figure 2-8). The effects of poling can deteriorate with time, when 
the material is exposed to higher temperatures, or with application of strong alternating 
electric fields comparable to or larger than the coercive field, EC. This deterioration process 
is usually referred to as aging. 
 
Figure 2-8 Illustration of domain polarization orientations within grains (a) before 
and (b) after application of an electric field to pole the sample.4 
 
2.5 Intrinsic/Extrinsic Contributions and the Rayleigh Law 
 The strong dielectric and piezoelectric responses exhibited by polydomain 
ferroelectric materials are composed of both intrinsic and extrinsic contributions to the 
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response.4 Intrinsic contributions encompass reversible lattice distortions and vibrations – 
in other words, the response that a single-crystal, single-domain ferroelectric material 
would exhibit (Figure 2-9a). Additionally, any reversible vibration of domain walls is often 
grouped in the intrinsic contributions to the response. On the other hand, extrinsic 
contributions to the dielectric and piezoelectric response entail the irreversible motion of 
domain walls in a polydomain ferroelectric material.4 Motion of domain walls of all types 
will affect polarization and dielectric responses of the ferroelectric material, as only the 
polarization direction vector is changed. On the other hand, the piezoelectric response is 
typically affected only by the motion of non-180° domain walls, due to their more 
ferroelastically-active nature (Figure 2-9b and c).4 However, in thin films where non-180° 
domain walls are heavily clamped, dynamic poling effects have been shown to lead to 
contributions from 180° domain walls to the piezoelectric response.13 
 
Figure 2-9 Schematic representation of (a) intrinsic contributions from a single 
domain, (b) dielectric extrinsic contributions from 180° domain walls, and (c) 
dielectric/piezoelectric extrinsic contributions from non-180° domain walls, all with 
application of external electric field.14 
 In an ideal polycrystalline, polydomain ferroelectric material, intrinsic and extrinsic 
mechanisms both contribute to the real components of dielectric and piezoelectric 
responses, while extrinsic mechanisms can also contribute to the loss component of the 
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response, which is imaginary. A variety of studies have been undertaken to separate the 
intrinsic and extrinsic contributions to dielectric and piezoelectric responses, primarily as 
a function of temperature,15,16 excitation frequency,17-20 and aging time dependence.21-23 
These approaches are primarily qualitative, and unable to strictly quantify 
intrinsic/extrinsic contributions to the dielectric and piezoelectric responses.  
 The study of the nonlinear AC electric field-dependence of the dielectric and 
piezoelectric responses is another method that has been leveraged to separate intrinsic and 
extrinsic contributions. As mentioned previously, the relationships defining piezoelectric 
coefficients and dielectric permittivity are valid at low electric fields,3 but become 
progressively nonlinear with increasing applied electric field beyond a threshold value, Eth. 
14,24 This threshold has been associated with the degree of domain wall pinning in the 
ferroelectric material, though the value of Eth is highly sample-dependent.25,26 Above the 
threshold value, domain walls are sufficiently mobile to overcome local pinning centers, 
and the subsequent behavior of the dielectric permittivity and piezoelectric coefficients for 
AC electric field excitation can often be described using the Rayleigh Law in a quantitative 
manner. Specifically, the Rayleigh Law provides a link between the irreversible, hysteretic 
behavior and the nonlinearity of the electric field-dependent dielectric permittivity.24 
However, the Rayleigh analysis does not take into account rate dependence or thermally-
activated processes, and is valid only over a specific range of applied electric field.24 The 
Rayleigh method is employed extensively throughout the literature and this thesis.  
 The Rayleigh Law was initially developed in 1887 by Lord Rayleigh to describe 
the behavior of ferromagnetic materials at low electric fields.27 Néel expanded on 
Rayleigh’s observations, demonstrating the motion of ferromagnetic walls between 
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potential energy wells with application of electric field.14 Overcoming an initial energy 
barrier results in pinning and unpinning of the domain walls and subsequent hysteretic 
behavior. This work was later correlated to defect concentrations in ferromagnetic 
materials by Kronmuller.28 The Rayleigh Law has further been applied to analogous 
behavior of ferroelectric materials (both bulk and thin film) and mobile domains or phase 
boundaries moving across randomly-distributed pinning centers in a ferroelectric sample 
(Figure 2-10).29-31  
 
Figure 2-10 Schematic representation of domain wall motion in a ferroelectric 
material. U(s) is the potential energy as a function of domain wall position, s, and PS 
demonstrates the direction of polarization.32  
In ferroelectric materials, the Rayleigh Law for dielectric permittivity is given by:24 
 𝜀0 = 𝜀/F/G0 − 𝛼0𝐸I		(𝑟𝑒𝑎𝑙	𝑑𝑖𝑒𝑙𝑒𝑐𝑡𝑟𝑖𝑐	𝑝𝑒𝑟𝑚𝑖𝑡𝑡𝑖𝑣𝑖𝑡𝑦) 2-7 
where  
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 𝜀∗ = 𝜀0 − 𝑗𝜀00		(𝑐𝑜𝑚𝑝𝑙𝑒𝑥	𝑑𝑖𝑒𝑙𝑒𝑐𝑡𝑟𝑖𝑐	𝑝𝑒𝑟𝑚𝑖𝑡𝑡𝑖𝑣𝑖𝑡𝑦) 2-8 
 𝜀∗ = 𝜀0 V + 𝜀00 V = 𝜀,		(𝑑𝑖𝑒𝑙𝑒𝑐𝑡𝑟𝑖𝑐	𝑝𝑒𝑟𝑚𝑖𝑡𝑡𝑖𝑣𝑖𝑡𝑦) 2-9 
under an applied AC electric field, EAC = E0. A linear dependence for the piezoelectric 
coefficient as a function of AC electric field can also be developed, similar to Equation 
2-7: 
 𝑑0 = 𝑑/F/G0 − 𝛼X0 𝐸I 2-10 
ε'init and d'init terms are independent of electric field, and dominate the dielectric and 
piezoelectric responses, respectively, at low fields. These terms are typically referred to as 
the reversible Rayleigh parameters and constitute intrinsic lattice response as well as small 
contributions of reversible domain wall motion (vibration). The α' and α'd terms include 
extrinsic contributions to the dielectric and piezoelectric responses, respectively – e.g., the 
irreversible motion of domain walls – and are usually called the irreversible Rayleigh 
parameters. The ratio of irreversible to reversible Rayleigh parameters, α'/ε'init and α'd/d'init 
are often employed as quantitative measures of the extrinsic contributions to the dielectric 
and piezoelectric responses, respectively.24,33 
 In materials that exhibit Rayleigh-like behavior, the dependence of the dielectric 
and piezoelectric responses on applied AC electric field can typically be separated into 
three separate regions – (I) a low-field region of relatively constant dielectric response that 
precedes the threshold electric field, (II) the region directly following Eth characterized by 
linear dependence of dielectric response, and (III) a region of nonlinear response following 
the coercive voltage, EC (Figure 2-11).34 Fitting a linear curve to the dielectric response in 
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region (II) allows for extraction of the reversible and irreversible Rayleigh parameters, and 
comparative analysis thereof (see Section 3.3.3). Extrinsic contributions, and specifically 
the motion of domain walls, make up a significant portion of the dielectric and piezoelectric 
responses in polycrystalline ferroelectric thin films, but these contributions are greatly 
reduced with decreasing thickness of the film, as will be discussed in the following 
section.35 The role of extrinsic contributions to the functional response, in the context of 
fabricating radiation-tolerant ferroelectric thin films, cannot be understated, and plays a 
major role in the studies in this thesis. 
 
Figure 2-11 Schematic representation of the dielectric response as a function of AC 
electric field in bulk Pb(Zr,Ti)O3 ceramics. The low-field region, (I), demonstrates 
relatively constant dielectric permittivity. The Rayleigh region (II) begins after the 
threshold field, Eth, and dielectric permittivity increases linearly with the applied AC 
field. The high-field region (III) is characterized by a nonlinear dielectric response.34  
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2.6 Size Effects in Ferroelectric Thin Films 
 As ferroelectric film thickness decreases, especially below one micron, the motion 
of domain walls and internal interfaces can become severely restricted by extrinsic size 
effects, thus inhibiting dielectric and electromechanical response.36,37 Variations in grain 
morphology and size, chemical heterogeneity, substrate clamping, space charge depletion, 
defect(-defect) interactions, increased defect concentration in thinner films, etc. are 
responsible for deleterious effects on the response of thin (< 1 µm) and ultrathin (< 200 
nm) ferroelectric films. Grain sizes in polycrystalline thin films are typically smaller than 
those found in bulk samples (50-150 nm compared to 1+ µm), thereby increasing both 
grain boundary and domain wall density in thin films, and leading to reduced domain wall 
mobility (Figure 2-12).24,38 Furthermore, large concentrations of point defects present in 
polycrystalline thin films give rise to defect interactions that can subsequently pin domain 
walls and reduce their range of motion and the derived functional response.24 Residual 
stress, introduced through substrate clamping, thermal expansion coefficient mismatch 
between film and substrate during cooling, and various other electromechanical interfaces 
in the material stack, can result in similar pinning of domain walls, further robbing the 
material of dielectric and electromechanical response.24 These effects are considered for 
investigations of intrinsic and extrinsic contributions to the functional response as a 
function of layer crystallization interfaces (CHAPTER 7) and work on residual stress 
resulting from modifying mechanical boundary conditions (CHAPTER 11). 
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Figure 2-12 Plot showing scaling of the dielectric constant with grain size in BaTiO3 
thin films and ceramics.4 
 
2.7 Ferroelectric Thin Films for MEMS Applications 
 With the increasing push of microelectronics devices towards greater functionality 
at smaller length scales, ferroelectric materials have assumed a critical role in a multitude 
of applications, ranging from ferroelectric random access memory (FeRAM), multilayer 
ceramic capacitors (MLCC), and microelectromechanical systems (MEMS). Indeed, the 
multifunctional properties of ferroelectrics – i.e., large dielectric, piezoelectric, and 
pyroelectric coefficients – make them ideal candidates for enabling a “More-than-Moore” 
paradigm in microelectronic devices. Specifically, the excellent piezoelectric response of 
ferroelectric thin films makes them prime candidates for many MEMS sensors, actuators, 
and relay applications. Several important piezoelectric materials have been employed for 
MEMS-related applications, such as AlN, ZnO, and polyvinylidene fluoride (PVDF).1,39 
However, many of these commonly-used piezoelectric materials for MEMS devices do not 
boast the same electromechanical and dielectric responses inherent to perovskite oxide 
ferroelectric thin films, and especially PZT (Table 2-1). While studies on PZT and related 
 28 
ferroelectric compositions have been widespread in recent years, novel devices and 
increased demand for further scaling of functional materials continuously creates new 
applications for which the functional response must be considered. The rapid growth in the 
field of connected microelectronics devices has been met with increasingly robust 
functional requirements, such as the ability to operate in radiation-hostile environments, 
i.e., for aerospace, satellite, and nuclear applications (Figure 2-1).40 
Table 2-1 Comparison of dielectric and electromechanical responses in selected 
ferroelectric/piezoelectric materials in thin film form for use in MEMS-related 
applications.1,41 
Material Class d31 (pC/N) d33 (pC/N) ε33 
PZT Ferroelectric -94 to -274 80 to 593 425 to 1900 
BaTiO3 Ferroelectric 78 190 1700 
PVDF Ferroelectric 23 -35 4 
ZnO Piezoelectric -4.7 6 to 12 8.2 
AlN Piezoelectric -3 5 10 
 
 
Figure 2-13 Ferroelectric thin films are prime candidates for use in environments 




 As discussed in the following sections, radiation strongly influences the dielectric, 
ferroelectric, and piezoelectric responses of ferroelectric materials by creating and/or 
activating defects that can interfere with the defect energy landscape of the material. Such 
interactions occur not only in the ferroelectric material, but also throughout the material 
stack at multiple critical locations. The design and engineering of improved functional 
ferroelectric materials and material stacks for operation in radiation-hostile environments 
requires an augmented understanding of the fundamental interactions of radiation with the 
functional material and supporting substrate, elastic layer, and electrodes. This work takes 
a multifaceted approach to studying ferroelectric materials for MEMS applications in 
radiation hostile environments by considering multiple parameters that influence the 
effects of radiation on a ferroelectric thin film stack. Several methods and interfacial 
interactions are investigated, including the effects of radiation on top electrode material, 
ferroelectric microstructure, layer crystallization interfaces, dopant concentration, and 
mechanical boundaries of the lower material stack. It is expected that the results presented 
in this thesis not only increase the scientific understanding of ferroelectric materials and 
their interaction with radiation, but also provide avenues toward increased performance 
and radiation tolerance for use in MEMS devices and applications. 
 
2.8 Lead Zirconate Titanate (PZT) Solid Solution 
 While numerous materials demonstrate piezoelectric and ferroelectric properties, 
lead zirconate titanate, Pb(ZrxTi1-x)O3 (PZT), has found widespread use and technological 
relevance, primarily due to its large dielectric, ferroelectric, and piezoelectric properties, 
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and the ability to tune and tailor such properties through a variety of processing 
methods.1,42,44 PZT is a solid solution between the two end members lead zirconate 
(PbZrO3, “PZO”) and lead titanate (PbTiO3, “PTO”). PbZrO3 is anti-ferroelectric, i.e., 
single atomic cells show local spontaneous polarization (ferroelectricity), but adjacent cells 
show anti-parallel polarization vectors, resulting in net-zero macroscopic ferroelectricity. 
PbTiO3 is ferroelectric with tetragonally-distorted perovskite (ABO3) structure. The PZT 
material system exists in multiple phases, dependent on Zr to Ti ratio, temperature, and 
pressure (Figure 2-16a). Above the Curie temperature, TC, PZT exists in a cubic, 
paraelectric phase. At room temperature, PZT exhibits ferroelectricity in either a 
rhombohedral (R) or tetragonal (T) phase.24 A third, monoclinic phase has also been 
reported between the R and T phases at certain atmospheric conditions.45,46  
 The tetragonal phase of PZT has six equivalent, principal directions along which 
spontaneous polarization can occur, normal to each of the faces of the unit cell. Due to this 
four-fold symmetry, domain walls formed in tetragonal-phase exist at 90° (perpendicular 
polarization direction) and 180° (anti-parallel polarization direction) (Figure 2-4a).4 The 
rhombohedral unit cell has eight spontaneous polarization directions, along the body 
diagonals, resulting in 71°, 109°, and 180° domain walls (Figure 2-14).  
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Figure 2-14 Schematic representation of the 71° and 109° angles between body 
diagonals in the (100)- and (111)-directions of the rhombohedral unit cell of PZT.14 
 
 
Figure 2-15 Transmission electron microscopy (TEM) images of domain structures 
for Pb(ZrxTi1-x)O3 with (a) x = 0.4 (tetragonal phase) and (b) x = 0.6 (rhombohedral 
phase).47 
 The boundary between the rhombohedral and tetragonal phases at which a 
structural phase change occurs is called the morphotropic phase boundary (MPB). At room 
temperature, this boundary exists at approximately x = 0.53.48 Polarizability is enhanced in 
the vicinity of the MPB, and large enhancements to dielectric and piezoelectric properties 
occur, making compositions near the MPB very attractive (Figure 2-16b).49,50 Leveraging 
both the enhanced properties as well as potential phase transitions in proximity of the MPB 
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in PZT constitutes a significant portion of this thesis, and will be discussed in detail later. 
While proximity to the MPB generally results in favorable enhancements of dielectric and 
electromechanical responses, there are differences in intrinsic and extrinsic contributions 
for compositions on either side of the MPB. Rhombohedral compositions (Zr > 0.53) 
generally demonstrate greater extrinsic contributions to the dielectric response than 
tetragonal compositions at an equal distance from the MPB, due to greater spontaneous 
strains of the tetragonal distortion compared to the rhombohedral distortion.48,51 The 90° 
domain walls that are more prevalent in tetragonal-phase PZT are more likely to be 
clamped to some degree by this inherent strain, while the 109° and 71° domain walls of the 
rhombohedral phase are often less strained, and freer to move.4 The effects of these 
phenomena are clearly demonstrated in the piezoelectric response of rhombohedral, 
tetragonal, and MPB PZT compositions (Figure 2-17).48,51 
 
Figure 2-16 a) Temperature-composition phase diagram for PZT and b) dependence 
of dielectric and electromechanical response on Zr/Ti composition. Morphotropic 
phase boundary (MPB) is shown as the vertical line in the center of the plot in (a), 
which separates the rhombohedral (R) and tetragonal (T) phases of perovskite-




Figure 2-17 Plots of the direct d33 piezoelectric coefficient of different compositions of 
PZT (4 at.% Mn) near the MPB, and in the tetragonal and rhombohedral phases.48 
 Doping, temperature and pressure fluctuations, residual stresses, and a variety of 
other factors can lead to changes in the effective PZT functional response and proximity-
to-MBP-like behavior. Numerous studies have shown that residual stresses, such as those 
developed during film crystallization, can effectively shift the MPB and modify the 
transition temperature, TC.52-55 In PZT thin films, biaxial tensile/compressive stresses can 
result in a T/R phase transition; tensile-stressed films have shown shifts of MPB 
compositions towards the tetragonal phase.52,53 These potential changes can be both 
beneficial and harmful for eventual device design. Generally, compositions near the MPB 
or slightly to the rhombohedral side of the phase diagram are preferred, due to the large 
increase in extrinsic contributions to the dielectric and piezoelectric response.  
 Crystal anisotropy can also play an important role in the dielectric and piezoelectric 
response of PZT thin films. Figure 2-18 shows the phenomenologically-calculated 
dielectric and piezoelectric responses of PZT compositions near the MPB in both tetragonal 
and rhombohedral phases.56 For the majority of the work in this thesis, 100-textured MPB 
PZT compositions are targeted, due to their large piezoelectric response. 
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Figure 2-18 Phenomenologically-calculated responses of PZT compositions near the 
MPB show strong dependence (a) piezoelectric and (b) dielectric responses on 
crystallographic orientation.56 
 
2.9 Defects in Ferroelectric Thin Films 
 Crystallographic defects are present in virtually all solid materials, and especially 
prevalent in polycrystalline materials, existing as point, line, planar, and bulk defects. In 
ferroelectric thin films, the presence and interaction of a variety of different types of defects 
can be both beneficial and deleterious to material properties and functional response. The 
interactions between domain walls (2D defects), grain boundaries (2D defects), and point 
defects (0D) are often considered when discussing defect-defect interactions in 
ferroelectrics. The mobility of domain walls is affected by both point defects and defect 
dipoles, which consist of a strong polar interaction between a cationic defect (such as an 
acceptor ion at the B-site in the PZT lattice or a Pb-vacancy) and an oxygen vacancy. On 
one hand, the electric field-induced pinning and unpinning of domains walls to/from other 
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defects contributes to the dielectric and piezoelectric responses.4 On the other hand, higher 
concentrations of defects can result in stronger or more ubiquitous pinning of domain wall 
motion, and ultimately degrade functional response. 
 Ferroelectric fatigue is often discussed in relation to defects in ferroelectric thin 
films. Ferroelectric fatigue is defined as the loss of the spontaneous, switchable 
polarization with an increasing number of bipolar switching cycles.4 Multiple factors have 
been shown to contribute to ferroelectric fatigue, including defect concentrations, electrode 
material selection, temperature, electric field strength, surface treatment, porosity, and 
grain size.4 The interaction of mobile oxygen vacancies, both with the ferroelectric itself, 
as well as with internal interfaces (e.g., grain boundaries, layer interfaces, electrode 
interfaces, etc.), and the effects on ferroelectric fatigue has been a topic of extensive 
research, especially for applications in memory devices.4,32,57-73 Oxygen vacancies, both 
within a single grain, and accumulating at interfaces, can effectively screen part of the 
ferroelectric film from the applied electric field and lead to loss of polarization switching.74-
77 It has been suggested that oxygen vacancies can serve as pinning centers for domain 
walls in ferroelectric thin films, reducing or completely restricting their motion, and 
leading to suppression of polarization and reduced functional response.78 
 In addition to oxygen vacancies, electronic defects can also suppress polarization 
and inhibit domain wall motion. Free electronic charge carriers can pin domain walls by 
becoming trapped in the domain-wall region, to which they are attracted due to the inherent 
polarization discontinuities at those locations.4 Such charge carriers can be injected into 
the material through electric field cycling at the electrodes, during fabrication of the 
material, and even with exposure to radiation (including UV).4 Application of electric field 
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can induce domain wall motion and overcome the pinning caused by defects (oxygen 
vacancies, trapped charges, etc.). However, point defects can also become mobile and/or 
recombine with other defects, resulting in subsequently-increased motion of domain walls.4 
Generally, ferroelectric fatigue results in reduction of ferroelectric, dielectric, and 
piezoelectric properties by restricting domain wall motion and suppressing polarization 
switching (Figure 2-19b). 
 Ferroelectric aging can also play a critical role in determining the functional 
properties of ferroelectric thin films over extended periods of time. Several primary effects 
contribute to aging – all are attributable to defect interactions in the ferroelectric. First, 
elastic and/or electronic defects are formed within domains upon fabrication of a 
ferroelectric thin film and are, for the most part, randomly oriented. Over time, these 
defects can reorient to assume more energetically-favorable positions or orientations, thus 
making subsequent attempts to switch their polarization more difficult.4 Second, diffusion 
driving forces in the ferroelectric film, such as residual mechanical stresses or 
uncompensated electrical charges, can result in defect motion into domain walls over time, 
inhibiting their future motion.4 Third, space charges are often accumulated at regions such 
as grain boundaries due to phase separation or dopant segregation at these locations. These 
uncompensated space charges – if distributed asymmetrically – can result in a preferential 
bias of the entire grain and stabilize local domains, thus reducing the motion of the 
corresponding domain walls.4 Each of these three effects results in some degree of internal 
bias in the sample, which can act as an additional energy barrier to be overcome when 
switching the polarization in the ferroelectric. Aging is often manifest via a pinching of the 
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polarization-field hysteresis loops (Figure 2-19a).62 This pinching is indicative of the defect 
interactions discussed above, and their generally deleterious effects on the polarization. 
 The terms endurance, retention, and imprint are often used when referring to the 
effects of fatigue and aging on ferroelectric materials, specifically in memory device 
applications. Endurance refers to the resistance of a ferroelectric material to fatigue, while 
retention designates an analogous resistance to the effects of aging on ferroelectric 
properties. Imprint describes the tendency of a ferroelectric memory to develop a 
preferential bias state, i.e., a strong asymmetrical internal bias.4 
 
Figure 2-19 Schematic showing the effects of (a) aging and (b) fatigue on the 
ferroelectric hysteresis loops.62 
 
2.10 Defect Engineering and Chemical Doping 
 Defect engineering refers to the modification of the type, charge, concentration, 
spatial distribution, or mobility of defects in a crystalline solid, typically to control and 
tailor material properties and functional response.79 Such techniques have been used for 
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decades in semiconductor materials, resulting in enormous advances to microelectronics 
devices and entire industries. A variety of methods have been used to study and manipulate 
defect concentrations in semiconductors, including irradiation, ion-implantation, heating 
protocols, epitaxial growth methods, and photostimulation, among others.79 Similar 
approaches to defect engineering of ferroelectric materials have been undertaken, 
especially the use of chemical doping of the solid solution to improve functional 
properties.80 However, defect chemistry and engineering in most perovskite-phase 
ferroelectrics can be quite complex, due to the inclusion of multiple chemical elements, 
potential phase separation, diffusion, and the interactions of defects with extrinsic 
contributions to the functional response.81-83 
 Donor doping substitutes ionic species such as La3+ or Nb5+ (larger positive charge 
than Pb) into the Pb position in the PZT lattice, resulting in a “soft” PZT. These 
substitutions typically introduce excess positive charge, which is compensated by 
additional Pb vacancies, as well as reduced number of oxygen vacancies and defect dipoles 
in the material.81,84 This reduction often leads to enhanced domain wall motion and greater 
electromechanical response, but also larger dielectric losses and low conductivity.81,84 
Additionally, doping with La or Nb can lead to changes in the crystal structure of PZT – 
removing oxygen from the perovskite unit cell can result in an effective contraction of the 
lattice, thus reducing tetragonality (smaller c/a ratio, i.e., more cubic, when a is constrained 
to the substrate).81  
 On the other hand, acceptor doping with ions such as Fe3+ or Mn3+ into B-site cation 
sites results in “hard” PZT, creating oxygen vacancies and defect dipoles. Such defects can 
pin domain wall motion and reduce electromechanical response, while lowering dielectric 
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and piezoelectric losses in the material.84 Figure 2-20 shows the effects of Fe- and La-
dopant concentrations on the P-E hysteresis loops for ceramic PZT. 
 
Figure 2-20 P-E loops for undoped, Fe-, and La-doped PbZr0.6Ti0.4O3 ceramics. La-
doping results in increased polarization with slimmer, more square hysteresis curves. 
Fe-doped samples develop slanted, pinched hysteresis loops.85 
 While chemical doping of ferroelectric materials results in distinct modifications to 
functional properties and enhances their utility for a variety of applications, phase 
separation, dopant segregation, and chemical heterogeneity can pose challenges to doping 
of ferroelectric thin films and the PZT solid solution.4,81,86  
 
2.11 Radiation-Material Interactions 
 This thesis deals with the interaction of radiation with ferroelectric PZT thin films 
for MEMS applications. Radiation transfers energy to a material via ionization, i.e., 
electron excitation and generation of electron-hole pairs; or via nuclear interactions, 
resulting in lattice vibrations and atomic displacements. Low-energy photons, such as X-
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rays, gamma rays, and electrons, do not usually have sufficient energy to result in atomic 
displacements, and therefore interact with materials by exciting electrons, eventually 
leading to the formation of electron-hole pairs and electron trapping at defect centers.87 
Higher-energy radiation can ionize the material, and is energetic enough to directly 
(electrons) or indirectly (gamma ray Compton-scattered electrons) form Frenkel defects.88 
Charged particles, such as protons and heavy ions, also transfer energy to the material via 
electron and nuclear interactions, in much the same way that photons/electrons do. 
However, their greater mass and reduced velocities increase their interaction time with the 
material, and can result in greater rates of ionizing energy transfer, even at similar doses. 
Their larger mass also increases the possibility of displacement events. Displaced atoms, 
also called recoils, will also lose energy through (secondary) ionization, and may create 
additional defects (with sufficient energy) to form a defect cascade. Subsequent defect 
cascades can in turn lead to defect clustering and high-dose amorphization of the material.89  
 
2.11.1 Radiation-Ferroelectric Interactions 
 In ferroelectric materials, radiation-induced ionization and displacement events can 
potentially augment (stable) defect population and modify the energy of preexisting 
defects, thus changing the local energy landscape for defect-defect interactions (such as 
those responsible for the mobility of internal interfaces) in the ferroelectric material. Prior 
work on the effects of radiation on ferroelectric materials has shown a direct correlation 
between radiation dose and degradation of functional properties.32,90-96 Bastani et al. 
demonstrated substantial degradation of ferroelectric, dielectric, and electromechanical 
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response in PZT thin films exposed to 2 Mrad X-ray and proton irradiation.97 Others have 
shown substantial changes in both the structural properties and the functional response in 
ferroelectric thin films exposed to neutron irradiation.40,98,99 A variety of studies on the 
effects of gamma irradiation on ferroelectric bulk ceramics and thin films have reported 
measurable reductions to domain wall motion, thus degrading dielectric and ferroelectric 
responses.92,93,100-107 
 
Figure 2-21 Effects of (a) X-ray and proton radiation on the permittivity-electric field 
response (er – EDC curves) of PZT thin films,97 and (b) the effects of neutron fluence 
on the intrinsic and extrinsic contributions to the AC electric field dielectric 
response.40 Lines in (b) have been added to guide the eye. 
 Generally, radiation-generated trapped charges can result in degradation of 
polarization, dielectric, and electromechanical response, primarily through increased 
pinning of domain wall motion.32,40,97,98,100 In addition to ionizing energy transfer to the 
material, high-energy electrons and more energetic particles (protons, neutrons, heavy ions, 
etc.) also transfer energy via nuclear interactions that lead to direct atomic displacement. 
These radiation-induced displacements may degrade the functional ferroelectric response 
in a way that is relatively similar to that of ionization-related defects (especially for defects 
like Frenkel pairs) or may result in unique modes of response degradation in the case of 
multi-atom defects (defect clusters) that affect larger volumes.32,96,101 In many cases, the 
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effects of radiation, both due to ionization and displacement events, are similar to those 
brought on by ferroelectric fatigue: pinned domain walls and suppressed polarization.96 
Ultimately, radiation-induced modification of functional response in ferroelectrics is the 
result of changes in defect concentration and energy in the material.  
 In this work, the interaction of radiation with ferroelectric materials is studied from 
multiple perspectives, with the intent of making valuable scientific contributions regarding 
the role of defects – especially the modification, mobility, and accumulation of radiation-
modified oxygen vacancies – and offer potential methods for reducing such damage. These 
methods for damage mitigation include variations in electrode material, film 
microstructure, and film layer crystallization interfaces. Additionally, chemical doping is 
leveraged as a way to reduce mobile oxygen vacancy concentration in pre-radiation PZT 
thin films, resulting in samples exhibiting a high degree of radiation hardness. Finally, 
work on modification of the mechanical boundaries and interfaces in the lower material 
stack (i.e., elastic layer and substrate), demonstrate strong changes to the stress state in the 
ferroelectric film, and a correlation between residual stress and radiation tolerance. The 
methods studied here seek to expand the current knowledge of the interaction of radiation 
with ferroelectric thin films, focusing on methods for quantifying defects and material 
performance, and attempting to mitigate the deleterious effects wrought by exposure to 
radiation. 
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This chapter details the specific processing, fabrication, and characterization methods for 
the ferroelectric Pb(ZrxTi1-x)O3 (PZT) thin films and material stacks studied in this thesis. 
Included are procedures for precursor solution preparation, substrate preparation, thin film 
deposition/crystallization, and top electrode photolithography processes. Post-fabrication 
imaging and microstructural characterization techniques, macroscopic functional response 




3.1 Chemical Solution Deposition 
 Since being implemented in the mid-1980s, chemical solution deposition (CSD) 
has proven to be a highly attractive method for large-area, cost-effective processing of 
perovskite-phase ferroelectric thin films.44,108-110 Ferroelectric thin films processed via 
CSD typically demonstrate favorable compositional homogeneity, good thickness 
uniformity, and a large amount of microstructural and compositional control, allowing for 
fine-tuning of material properties and eventual functional performance.110,111 On the other 
hand, the superlative sensitivity and control over properties can often make consistent 
processing of ferroelectric thin films a difficult task.112-117 Minor changes to precursor 
chemistry, deposition protocols, heat treatment parameters, substrate roughness, etc., can 
greatly influence nucleation and growth behavior, ferroelectric material microstructure, 
and the defect landscape of the material.112,117-125 It is thus imperative to document in detail 
all aspects of the film-fabrication procedures used in this work. 
 CSD fabrication of ferroelectric thin films is typically comprised of four basic 
steps: (i) precursor solution synthesis; (ii) deposition of precursor solution on an 
appropriate substrate; (iii) low-temperature pyrolysis (300-400 °C) (thermal (“pyro”) 
decomposition (“lysis”)) to remove solvent and residual organic compounds from the 
precursor solution, resulting in an amorphous film; and (iv) crystallization of the 
amorphous film via high-temperature (600-850 °C) heat treatment.111 Nucleation events of 
the ferroelectric phase may be initiated during pyrolysis (iii) to some degree, but full 
crystallization of the material is realized only at the elevated annealing temperatures 
(iv).111,126 A schematic overview of this process is shown in Figure 3-1. In many 
implementations, steps (i) to (iii) are repeated multiple times to obtain a thicker film before 
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crystallization in (iv). The entire crystallization process can be repeated until films of the 
desired thickness are obtained. Each of the four steps for CSD processing is discussed in 
the following sub-sections. 
 
Figure 3-1 Schematic illustration of the basic steps of chemical solution deposition 
(CSD) of ferroelectric thin films.111  
 
3.1.1 Sol-gel Precursor Solution Synthesis 
 The solvent and chemical precursors selected for preparation of the precursor 
solution significantly affect the final microstructure and functional properties of the 
ferroelectric-phase material, and dictate the appropriate deposition and thermal processing 
conditions for optimal material properties.111 Numerous methods and precursors have been 
employed in the literature to address a number of processing concerns, including as-
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crystallized material properties, solution longevity, resistance to precipitation, toxicity, and 
process simplicity.111 Of these methods, solutions employing 2-methoxyethanol (2-MOE) 
as the solvent are the most commonly used, due to their high level of solution stability 
(resistant to precipitation up to months or even years), minimal aging effects, and 
reproducibility of the process chemistry.111,127 However, 2-MOE-based precursor solutions 
require long synthesis times, and the relative toxicity and carcinogenicity of 2-MOE are 
primary concerns.111 Chelate-based processing, also commonly known as inverted mixing 
order (IMO), employs (relatively safe) methanol as the solvent and is faster to prepare, but 
synthesized solutions are sensitive to humidity and age quickly.110 120,128 In this thesis, all 
but one of the sets of PZT thin films that were studied were prepared with 2-MOE-based 
precursor solutions. The notable exception is a set of methanol-based IMO deposited PZT 
thin films that demonstrated large equiaxed grains, used in the case study for developing a 
phenomenological model (CHAPTER 5) and a more in-depth study of the effects of grain 
structure on radiation tolerance of PZT thin films (CHAPTER 6). All other precursor 
solutions were synthesized at Georgia Tech or the US Army Research Laboratory using 2-
MOE-based methods. 
 
3.1.1.1 2-MOE-based PZT precursor solutions (Georgia Tech) 
 This process outlines precursor solution preparation for the studies found in 
CHAPTER 7, CHAPTER 8, and CHAPTER 11. The PZT (53/47) precursor solutions were 
synthesized with 2-MOE solvent, generally following the routes described by Wolf and 
Trolier-McKinstry, 129 and Bastani with minor modifications.130 Zirconium (IV) propoxide 
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solution, Zr(OCH2CH2CH3)4 70 wt.% in 1-propanol (Sigma Aldrich) and titanium (IV) 
isopropoxide, Ti[OCH(CH3)2]4 97% (Sigma Aldrich) were dissolved in 2-MOE, 
(CH3OCH2CH2OH) 99.9% (Sigma Aldrich) in an Ar-purged glove box, and subsequently 
stirred continuously (Heidolph Laborota 4000 efficient rotary evaporator) at ~115 °C (oil 
bath on hot plate) for 30 minutes in an Ar-purged environment. Separately, lead (II) acetate 
trihydrate, Pb(CH3CO2)2·3H2O ≥ 99.99% on a trace metals basis (Sigma Aldrich) was 
dissolved in 2-MOE in an Ar-purged glove box, and vacuum distilled (IKA RV 05 basic 
rotary evaporator, ~180 Torr) at 120 °C (oil bath in IKA HB4 basic) until the 2-MOE was 
evaporated and a white foamy matter was achieved (~30-60 minutes depending on the 
quantity of 2-MOE in which the lead acetate tri-hydrate is dissolved). The 2-MOE-lead 
acetate trihydrate solution was continuously chilled with flowing ethylene glycol coolant 
set to ~18 °C (REMCOR chiller). When the foamy Pb solution was achieved, both separate 
solutions were removed from their respective rotary evaporators and oil baths, and allowed 
to cool for approximately 5 minutes, before the Zr/Ti solution was added to the Pb solution. 
This final solution was stirred for 4 hours at 120 °C (oil bath in IKA HB4 basic), and the 
solution molarity was adjusted by adding 2-MOE or additional vacuum distillation to 
evaporate excess solvent. PZT solutions of molarities (M) ranging from 0.1M to 0.4M were 
used throughout this work. An outline of this process is shown in Figure 3-2.  
 In Pb-based ferroelectric oxides, the high crystallization temperatures can cause Pb 
instability and diffusional loss through the surface of the film. In order to compensate for 
this loss, PZT solid solutions are frequently synthesized with over-batched Pb content 
relative to the stoichiometric formula. The amount to which they were over-batched in this 
thesis depends on the specifics of the process and layer thicknesses, but was typically 
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between 8 and 20 M% excess. The PZT solutions used in CHAPTER 7, CHAPTER 8, and 
CHAPTER 11 contained 20 M% excess Pb.  
 Thin PZT or PbTiO3 seed layers are often employed as the first deposited layer in 
order to induce a preferential texture in the subsequent layers.131 For the films studied in 
CHAPTER 7, CHAPTER 8, and CHAPTER 11, a 0.15M PZT seed solution with 30 M% 
excess Pb was used, processed identically to the PZT layer solutions, as described above.  
 
Figure 3-2 Schematic showing the general outline of PZT sol-gel precursor solution 
preparation. 
 
3.1.1.2 2-MOE-based PZT precursor solutions (ARL) 
 A portion of this work was done in collaboration with the US Army Research 
Laboratory (ARL), including the processing of PZT precursor solutions and sample 
preparation for the work in CHAPTER 4, CHAPTER 5, CHAPTER 6, CHAPTER 9, and 
CHAPTER 10. Solutions prepared at ARL follow the process outlined by Sanchez et al.131 
0.4M PZT (52/48) solutions with 8 M% excess Pb were prepared by mixing lead (III) 
acetate trihydrate (Puratronic) with 2-MOE (Sigma Aldrich) before refluxing for 20 min at 
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was performed to remove impurities by reducing the internal pressure of the rotary 
evaporator to between 280 and 330 mbar (dependent on humidity level), until the solution 
appeared as a white foam. Appropriate amounts of zirconium (IV) n-propoxide precursor 
(Alfa Aesar) and titanium (IV) isopropoxide 70 wt% in n-propanol (Alfa Aesar) were 
mixed with 2-MOE and stirred on a magnetic spinner while the Pb solution was refluxed 
and distilled. The Ti/Zr solution was then combined with the Pb solution in a glove box, 
and the combined solution refluxed for 210 min. A second vacuum distillation at 925 mbar 
and N2 purge were performed and the solution transferred to a storage container where 4 
vol% formamide was slowly added to the solution to act as a drying control agent. The 
final solution was stirred overnight with a magnetic stirrer. For all samples prepared at 
ARL, a 0.17M PbTiO3 (PTO) seed solution with 30 M% excess Pb was prepared using the 
same process above without the addition of the Zr precursor. 
 
3.1.1.3 IMO PZT precursor solutions (Sandia) 
 The work in CHAPTER 5 and CHAPTER 6 compares PZT thin films with 
columnar and equiaxed grain structures – columnar samples were prepared via 2-MOE-
based CSD at ARL, and equiaxed samples were fabricated with methanol-based IMO CSD 
PZT thin films prepared at Sandia National Laboratories. The IMO precursor solutions 
were prepared following a method outlined by Assink and Schwartz,110 and is reproduced 
below. Quantities for chemical precursors of PZT (53/47) are available in the report by 
Assink and Schwartz, but are not reported here.110 A 0.35M PZT (52/48) with 5 M% excess 
Pb precursor solution was used in this thesis. Purified titanium isopropoxide was added to 
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zirconium butoxide (80% in n-butanol). After 5 min, the acetic acid was added to the mixed 
alkoxide solution. After 6 min, methanol was added, and after 5 additional min, lead (IV) 
acetate 90% was added to the solution and heated to ~85 °C in order to dissolve the Pb 
precursor (~16 min to dissolution). The hot plate was turned off and methanol immediately 
added to rapidly cool the solution to 70 °C. Acetic acid, methanol, and (again) acetic acid 
in appropriate amounts were added at 2-min intervals. After 5 min, deionized water was 
added to the solution, reducing the temperature to ~50 °C. Stirring was maintained 
throughout the entire preparation process. The first part of the process up until the first 
addition of acetic acid was carried out under Ar-purged conditions, after which the 
remainder of the process was carried out under ambient laboratory conditions. This general 
process is shown in Figure 3-3, and available elsewhere.110 
 
Figure 3-3 Flowchart showing the IMO process for PZT precursor solution 
prepartion, as described by Assink and Schwartz, and employed for multiple samples 
fabricated for this work at Sandia National Laboratories.110 Reprinted with 
permission from Assink and Schwartz, 1H and 13C NMR Investigations of Pb(Zr,Ti)O3 
Thin-Film Precursor Solutions. Copyright 1993 American Chemical Society. 
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3.1.2 Substrate/Bottom Electrode Selection and Preparation 
 A critical aspect of processing PZT thin films is selection of appropriate substrate 
and bottom electrode materials, as they can result in vast modifications to deposited 
ferroelectric film microstructure and eventual functional properties. A multitude of work 
has been undertaken to elucidate the effects of clamping, stress, substrate texture, diffusion 
barriers or elastic layers, and electrode materials.131-135 
 All substrates and bottom electrode stacks used in this work (with the exception of 
one set of samples, see CHAPTER 11) were prepared according to work by Potrepka et 
al.¸ and Sanchez et al.131,132 500 to 2035 nm (specified in each individual work) of dry 
thermal SiO2 were grown on 100 mm- or 150 mm-diameter p-type (boron-doped) 100-Si 
wafers (500 µm or 625 µm thick, respectively). A bottom electrode was sputtered onto the 
SiO2 barrier/elastic layer with a Unaxis Clusterline 200 (CLC) deposition system. The 
bottom electrode consisted of 35 nm Ti sputtered at room temperature, and annealed in 
oxygen at 750 °C (Bruce Technologies tube furnace), thus converting the layer to TiO2. 
TiO2 serves as an adhesion layer for the Pt electrode layer, and also acts to induce a 111-
texture with a full width half maximum (FWHM) range of 1.7 to 2.3°.131,132 100 nm of Pt 
was then sputter-deposited at 500 °C, yielding a highly 111-textured bottom electrode 
contact and growth template for the subsequently-deposited PZT thin films. Throughout 
this work, these substrates are often referred to as “platinized substrates.” 
 As mentioned, one set of samples in CHAPTER 11 utilizes slightly different 
processing conditions for the substrate and material stack (sample set M1). These samples 
were fabricated on 100 mm-diameter, 300 µm thick, double-side polished (DSP) p-type 
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(boron-doped) 100-Si wafers, upon which 1300 nm of wet/dry (final ~15 nm of growth are 
dry) thermal SiO2 (Tystar Tytan Mini). Prior to oxide growth, wafers were prepared via 
standard CMOS protocols, i.e., 10 min at 120 °C in Piranha bath (6:1 mixture of 
H2SO4:H2O2); 10 min at 70 °C in SC-2 bath (5:1:1 mixture of H2O:HCl:H2O2); and 30 s in 
dilute hydrofluoric acid (10:1 mixture of H2O:HF (49%)) at room temperature; followed 
by a spin-rinse in deionized water and spin-drying. A 20-nm Ti adhesion layer and 80-nm 
Pt bottom electrode layer were sputter deposited (Unifilm Sputterer), both at ~200 Å/min 
without breaking vacuum between the two depositions. The Pt bottom electrode showed a 
strong 111-texture, providing an ideal growth template for subsequently-processed PZT 
thin films. 
 
3.1.3 PZT Thin Film Deposition 
 The PZT thin film deposition process proved to be one of the more difficult aspects 
of the material stack fabrication, as minor variations in spin speed, ambient conditions, 
pyrolysis temperature, wait times between deposition steps, and final crystallization 
temperature profiles can translate to large variations in film microstructure, phase, texture, 
and functional properties.111,136 As discussed previously, the collaborative nature of much 




3.1.3.1 PZT thin film deposition (Georgia Tech) 
 The PZT film deposition process presented in this section was performed at Georgia 
Tech and used for the work in CHAPTER 7, CHAPTER 8, and CHAPTER 11. The 
platinized substrates described in 3.1.2 were rinsed with acetone and isopropyl alcohol 
(IPA) before deposition to remove any residual organics or water. Care was taken to ensure 
that acetone was not allowed to dry on the substrate (or cleaved pieces thereof) before 
rinsing with IPA, and then dried with nitrogen or compressed air. Solutions were loaded 
into 5 to 6 mL veterinarian syringes, after which large air bubbles were pushed out of the 
syringe, and a 0.1 µm PTFE filter and a 16- or 18-gauge needle (depending on availability) 
were connected to the syringe. The precursor solution was then dispensed onto the 
stationary wafer or chip, which was previously positioned in the spin coater (Laurell 
Technologies) with the vacuum chuck activated. Care was taken to dispense the solution 
slowly to avoid formation of any bubbles on the chip surface. The tip of the needle was 
positioned such that the solution was not allowed to form discrete drops onto the substrate 
(i.e., the surface of the substrate and the needle are “connected” by the surface tension of 
the sol-gel solution), but the tip of the needle was not permitted to touch the surface of the 
substrate. This method allows for a smooth stream of sol-gel solution to be deposited and 
reduces bubbles and surface perturbations. The viscosity of the solution and speed of the 
advancing front of sol-gel solution are primary concerns in the formation of bubbles, and 
has been studied in relation to a variety of polymer applications.137,138 As a rough 
estimation of deposition time, the dispensing of solution on a 4 cm2 chip takes ~10 s, and 
ample solution is dispensed to cover the entire surface of the chip, and even enough to 
allow for substantial surface tension to build up at the edges of the chip. Care must be taken 
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not to impact the spin coater after dispensing the sol-gel, thus breaking the surface tension 
– for this reason the vacuum chuck is activated prior to dispensing the solution. The chip 
was spun at 3000 rpm for 30 s, with a ramp rate of approximately 500 rpm/s. For PZT 
solutions of 0.4M concentration, this process results in layer thickness of ~60 nm, with 
thickness scaling roughly linearly to molarity down to 0.15M solutions. For solutions lower 
than 0.15M, layers become increasingly thin at a nonlinear rate. 
 Deposited films were pyrolyzed on a hot plate at ~390 to ~400 °C for 1 min. 
Pyrolysis temperatures were noted to have substantial effects on the eventual 
crystallographic texture of the crystallized PZT thin films: at temperatures below ~360 °C, 
development of the PZT 111-orientation was greatly augmented; and above ~405 °C, the 
PZT 110-orientation was noted, though these effects are reported only anecdotally. An in-
depth study of pyrolysis parameters and the effects on eventual microstructure and 
functional properties is provided by Ihlefeld et al.136 After pyrolysis, the sample was 
allowed to cool (20 to 30 s), and the deposition/pyrolysis process repeated as many times 
as desired to obtain the individual layer crystallization thickness (Figure 3-1). After 
repeating the deposition/pyrolysis process the desired number of times, the amorphous film 
was quickly transferred to a rapid thermal annealer (SSI Rapid Thermal Processor (RTP)) 
and crystallized at a target temperature of 700 °C for 1 min in air, with a heating rate of 
approximately 120 °C/s. No flowing oxygen or nitrogen was present during crystallization 
or during the ramp down cooling step. Small samples were annealed on a Si (most 
commonly) or Si/SiO2 carrier wafer in the SSI RTP; the carrier wafer material is 
unimportant, given that temperature calibration with dummy samples is performed before 
actual crystallization runs. After 1 min at 700 °C, the sample was allowed to ramp down to 
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< 180 °C before sample retrieval. Figure 3-4a shows the heating and radiation intensity 
profiles as a function of time, and the resulting temperature. Note that the plot has been cut 
off at 100 °C due to the fact that films were typically at that temperature after pyrolysis and 
the RTP process was started with the samples at approximately 80 to 100 °C. Minor 
overshoot (5 to 10 °C) was often programmed into the recipe, as the eventual film phase 
and microstructure are (anecdotally) more susceptible to undershooting 700 °C than 
overshooting. However, overshoots of ~25+ °C should be avoided, as Pb loss becomes a 
problem with rising temperatures. Figure 3-4b shows specifics of the recipe used, with the 
strong caveat that these are a recommended baseline – accurate calibration of the tool is 
required before each session of film deposition, as the temperature profile is extremely 
susceptible to variability from Si carrier-wafer warpage with successive heat treatments, 
heated-sample size/mass/reflectivity, and the current maintenance state of the tool. 
Following crystallization, the previous process is repeated until the desired film thickness 
is achieved (Figure 3-1). For films processed with multiple layers in a single crystallization 
step, the term “multi-layer anneal” (MLA) is used. 
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Figure 3-4 (a) Temperature and radiation profiles for the heating routine employed 
for PZT thin film crystallization in the SSI RTP (Georgia Tech). (b) specifics of the 
recipe used; these were constantly adjusted based on pre-processing calibrations, but 
serve as a baseline. 
 
3.1.3.2 PZT thin film deposition (ARL) 
 The samples used for the work in CHAPTER 4, CHAPTER 5, CHAPTER 6, 
CHAPTER 9, and CHAPTER 10 were prepared according to processing conditions 
outlined by Sanchez et al. at ARL.131 Any deviations from the following general process 
are noted specifically in the experimental procedures of individual chapters. A single 
PbTiO3 (PTO) seed layer approximately ~17 nm thick was spin coated onto the platinized 
substrate to induce 001-texture in the subsequent PZT layers. The solution was dispensed 
from a 10 mL syringe through a 0.1 µm filter onto the stationary substrate, then spun with 
a Bidtec SP100 spin coater at 3000 rpm for 45 s. The as-deposited layer was pyrolyzed on 
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a Wentworth Laboratories vacuum hot plate at 350 °C for 2 min to remove organic species 
and solvent, resulting in a film with some mid-range order.126 The pyrolyzed films were 
then crystallized in a rapid thermal annealer (AG Associates Heatpulse 610 RTA) at 700 
°C with a ramp rate of 4 °C/s. This process was repeated for the groups of 0.4M PZT 
(52/48) layers used in this work, except with a spin speed of 2500 rpm for 45 s, resulting 
in individual layer thickness of approximately 60 nm. Unless otherwise noted in the 
experimental process of each chapter, films were deposited with a total target thickness of 
500 nm and annealing after every 2 layers. 
 
Figure 3-5 Flowchart detailing PZT thin film deposition procedures for samples 
prepared at ARL. (a) details the PTO seed layer, and (b) shows the process for 





3.1.4 Electrode Contact Fabrication 
 While not explicitly a part of the CSD process, the crystallized films must undergo 
macroscopic dielectric, ferroelectric, and piezoelectric characterization, the specifics of 
which are discussed later in this chapter. Accordingly, top electrode contacts must be 
deposited to create a metal-ferroelectric-metal capacitor sandwiched between the bottom- 
and top electrode contacts, and the continuous bottom electrode must be exposed for proper 
contact (Figure 3-6). These process is performed either via photolithography or Ar-ion 
milling of deposited metal layers to create the contacts. This section is divided into two 
procedures done at Georgia Tech and ARL. 
 
Figure 3-6 Schematic illustration of the ferroelectric thin film sandwiched between 
the top and bottom electrode contacts, creating an idealized cylindrical capacitor to 
be probed electronically. 
 
3.1.4.1 Pt electrode contacts (Georgia Tech) 
 The following process was used for the samples prepared at Georgia Tech and used 
in CHAPTER 7, CHAPTER 8, and CHAPTER 11. A light-field mask consisting of 100 












1500PY negative photoresist (Futurrex) was spun onto the film at 2000 rpm for 40 s with 
a ramp time of 2 s (SCS G3 spin coater), and baked on a hot plate at 150 °C for 1 min. 
Ultra violet (UV) i-line (365 nm) exposure was performed using a Karl Suss MA6 mask 
aligner, with the exposure time calculated to result in a dose of 300 mJ/cm2 (dose/intensity 
= time). A post-exposure bake (PEB) was performed at 100 °C for 1 min on a hot plate, 
and the resist was developed in RD6 resist developer (Futurrex) for ~20 s, before rinsing 
with deionized (DI) water. The samples were then cleaned with a plasma “descum” process 
consisting of 50 sccm O2, platen power of 250 W, RF frequency 13.56 MHz, and 60 mTorr 
chamber pressure for 30 s (Advanced Vacuum Vision RIE) to remove any residual 
photoresist (PR) from the developed patterning and to increase future top electrode 
metallization continuity with the film. Approximately 80 nm of Pt was sputter-deposited 
on the samples (Unifilm Sputterer) at ~200 Å/min. The samples were submerged in acetone 
to lift off the residual Pt, and if necessary, an ultrasonic bath (VWR) was used for ~1 min 
to accelerate/complete the lift-off process.  
 Bottom electrode contacts are formed by etching a corner of the sample with 
buffered oxide etch (BOE), a 1:6 ratio of 49% HF buffered with ammonium fluoride 
(NH4F) (J.T. Baker). A small piece of Kapton polyimide adhesive tape is laid over the 
corner to protect the center of the film from the BOE. The exposed corner of the chip is a 
triangular region with sides approximately 2 mm in length. A small cleanroom swab is 
used to apply a small amount of the BOE solution the corner, and rubbed until it etches 
through the PZT film to the bottom Pt electrode. This process usually takes several minutes 
and requires multiple applications of the BOE solution.  
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3.1.4.2 IrO2 and Pt top electrode contacts (ARL) 
 The following processes were used to prepare the top electrode contacts at ARL for 
the work in CHAPTER 4, CHAPTER 5, CHAPTER 6, CHAPTER 9 and CHAPTER 10. 
IrO2 or Pt top electrodes were 100 nm-thick and sputter-deposited onto the wafer at 500 
°C. The IrO2 electrodes were also processed with a post-deposition furnace anneal at 650 
°C in flowing O2 for 30 minutes. The electrode and PZT were patterned via Ar-ion milling, 
and completed through a series of additional metallization steps for creating proper 
interconnects to device structures and capacitors. The overall process flow for creation of 
the test devices is discussed by Proie et al.100 Bottom electrode contacts were also patterned 
via Ar-ion milling, but were pre-fabricated in the stack before PZT deposition and exposed 
at the end of the process.  
 
3.2 Structural Characterization Methods 
 Following the CSD process and fabrication of the necessary components of the 
material stack, a number of methods are utilized for observing the (micro)structural 
characteristics of the films, such as X-ray diffraction (XRD), scanning electron microscopy 
(SEM), and atomic force microscopy (AFM).  
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3.2.1 X-ray Diffraction Phase Characterization 
 X-ray diffraction (XRD) methods are rapid, non-destructive analytic techniques 
typically used for phase identification of crystalline materials, and allowing for 
quantification of unit cell dimensions and material strain. An incident X-ray beam is 
generated from a cathode ray tube and filtered to produce a monochromatic radiation, 
which is then collimated and directed toward the sample. These incident rays interact with 
the sample to produce constructive interferences and a diffracted ray when the conditions 
of Bragg’s law are satisfied: 
 𝑛𝜆 = 2𝑑[\]^_ sin 𝜃 3-1 
where n is the diffraction order (integer), λ is the X-ray wavelength, dspace is the lattice 
spacing of the interrogated solid material, and θ is the diffraction angle. The diffracted X-
rays are collected at an angular position equal to two times that of the incident beam, 
processed, and counted. The counted intensity is plotted as a function of the diffraction 
angle, and the position of the peaks in the plot correspond to a specific family of atomic 
planes in the interrogated sample. Using Bragg’s law and the locations of the peaks in the 
XRD trace, the dspace can be calculated (Figure 3-7). Generally, powder samples that have 
been finely ground and homogenized are studied via XRD. However, in the case of 
ferroelectric thin films studied in this work, their highly-textured nature can make common 
XRD measurements more difficult, such as determining lattice strain (see CHAPTER 10).  
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Figure 3-7 Schematic representation of Bragg diffraction with the lattice of an 
arbitrary material. Incident X-rays are scattered when in contact with atoms, and the 
diffracted rays are collected and counted for plotting and later phase identification. 
Image credit: Furiouslettuce.139  
 Standard baseline 2θ XRD scans were performed with a PANalytical Alpha-1, 
using Cu-Kα radiation. The X-ray source was operated at 45 kV and 40 mA. PZT thin films 
were scanned across a range of 2θ from 20° to 70°, with a step size ranging from ~0.002° 
to ~0.02°, depending on the desired resolution, and at a rate of ~10 s/deg. Incident beam 
optics typically included a 10 mm mask (adjusted larger or smaller as necessary to 
correspond to sample size), fixed anti-scatter slit at 1°, and a computer controlled 
divergence slit of 0.5°. The diffracted beam optics employed a 5.5 mm anti-scatter slit, and 
both the incident and receiving beams were controlled for lateral divergence with a 0.04 
radian Soller slit. The 400-Si peak from the substrate was typically used for calibration of 
the XRD profiles when comparing films’ scans, due to the fact that sample tilt on the stage 
can result in minor variations in raw data.  
 The Lotgering factor (LF) is a commonly used evaluation of XRD phase data to 









𝐼 jII + 𝐼 VII
𝐼 k8l
 3-3 
where 𝐼 jII  is the intensity of the PZT 100-peak, 𝐼 VII  is the intensity of the PZT 200-
peak, and 𝐼 k8l  is the summation of the intensities of all of the PZT peaks in the probed 
diffraction range. PLF is calculated from the textured PZT thin film samples as measured 
from the XRD traces, and PLF,0 is calculated from unstressed power diffraction files (PDF) 
for PZT. The PDFs used throughout this work are reported in Table 3-1. 
Table 3-1 Table of material and corresponding powder diffraction files (PDF) for 
materials used in this work. 
Material PDF Number 
Pb(Zr0.53Ti0.47)O3 (Tetragonal) 04-016-2735, ref:45 
Pb(Zr0.53Ti0.47)O3 (Rhombohedral) 04-012-8156, ref:142 
Pb(Zr0.52Ti0.48)O3 (Tetragonal) 01-070-4060, ref:143 
Pb(Zr0.52Ti0.48)O3 (Rhombohedral) 04-011-8861, ref:144 
Pt (Cubic) 04-001-0112, ref:145 
Ti 00-044-1288, ref:146 
TiO2 (Tetragonal, Anatase) 01-070-6826, ref:147 
IrO2 (Cubic) 00-058-0335, ref:148 
IrO2 (Tetragonal) 04-009-8479, ref:149 
Au 00-002-1095, ref:150 
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3.2.2 Film Thickness Measurements 
 The previously-discussed method of exposing the continuous bottom electrode 
contact via BOE (see Section 3.1.4.1) leaves a physical step from the bottom electrode 
directly to the surface of the film, allowing for accurate thickness measurements using 
contact profilometry. Tencor KLA P15 and Veeco Dektak 150 profilometers were used, 
typically with a scan speed of ~50 µm/s, a sampling rate of ~50 Hz, and taking care to scan 
a long enough distance to reach a region of the sample towards the center with uniform 
thickness (on the order of several mm scan distance). Multiple scans were averaged at 
different locations. Film thickness can also be confirmed via scanning electron microscopy 
(see Section 3.2.3). 
 
3.2.3 Scanning Electron Microscopy Microstructural Characterization 
 Films' cross-sectional grain morphology was studied using field-emission scanning 
electron microscopy (FE-SEM) with a Zeiss Ultra-60 FE-SEM in both in-lens and 
secondary-lens modes. FE-SEM was performed at accelerating voltages ranging from 2 to 
5 kV and current of 10 µA. Samples were often coated with 10 to 20 nm of sputtered Au 
(Unifilm Sputterer) to mitigate sample charging.  
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3.2.4 Atomic Force Microscopy Microstructural Characterization 
 Surface microstructure and morphology was observed using an Asylum Research 
MFP-3D in contact and tapping modes. Scan sizes ranged from 2 to 20 µm, with scan rates 
from 0.5 to 1 Hz. 800 mV to 1 V was used as the contact set point. Pt- or Ir-coated tips 
from Budget Sensors, Olympus, and NanoSensors were used, given that many of the AFM 
surface scans were performed directly before piezoresponse force microscopy (PFM), 
which requires an electrically-conductive tip.  
 
3.2.5 X-ray Photoelectron Spectroscopy Depth Profiling 
 X-ray photoelectron spectroscopy (XPS) is a destructive analysis technique used to 
determine chemical composition and chemical bonding states of elements present in a 
sample. XPS spectra are gathered by irradiating the material with a monochromatic X-ray 
beam and simultaneously measuring the kinetic energy and number of electrons that escape 
from the surface of the measured material, typically at depths ranging from 1 to 10 nm.130 
This method is often combined with Ar-ion beam etching to iteratively etch to a given 
depth of the sample, perform XPS measurements, and repeat, thereby effectively probing 
the chemical composition and elemental species through the thickness of a film. XPS depth 
profiling was performed on periodically-layered PZT thin films in CHAPTER 7. Data was 
collected on a ~400 µm-diameter spot size, under vacuum of 10-7 Torr. Ar-etching was 
carried out with a spot size of 1 to 2 mm diameter and an etch rate of ~2 nm/min (depending 
on desired resolution). Samples were periodically rotated during ion-etching, but rotation 
was determined not to largely affect the flatness and symmetry of the etched surface. 
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3.2.6 Transmission Electron Microscopy 
 The previously-mentioned methods of microstructural characterization (SEM and 
AFM) allow for observation of surface or cross-sectional microstructure, but are not 
capable of directly probing individual lattice and ferroelectric domain structures. 
Transmission electron microscopy does so by transmitting a beam of electrons through a 
thinned sample (typically < 100 nm thick) and observing the scattering behavior and 
electron interactions of the sample (Figure 3-8). The work in CHAPTER 5, CHAPTER 6, 
CHAPTER 7, CHAPTER 10, and CHAPTER 11 employs TEM to observe domain 
structures, layer crystallization interfaces, and variations/discontinuities in crystallite size 
and orientation. The individual sample preparation and experimental methods vary in each 
chapter, and are documented appropriately, but generally involve focused ion beam (FIB) 
lift-out normal to the surface of the PZT layer. A variety of methods associated with TEM 
are also employed, including scanning TEM (STEM), energy dispersive X-ray 
spectroscopy (EDX) to measure compositional fluctuations, high-angle annular dark field 
(HAADF) imaging, and transmission Kikuchi diffraction (TKD).  
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Figure 3-8 Transmission electron microscopy (TEM) observation of a ferroelectric 
grain along the 001-axis of PZT with clearly-visible domains.151  
 
3.2.7 Transmission Kikuchi Diffraction 
 While TEM is typically used to study structure and chemical composition of a 
material, it is not able to spatially evaluate grain distribution and orientation, which can be 
highly beneficial for quantifying and drawing conclusions regarding material 
microstructure. Electron backscatter diffraction (EBSD) can be performed in an SEM, but 
spatial resolution is limited to ~20 nm, and insufficient for quantifying many of the fine 
structures in ferroelectric thin films.152 Transmission Kikuchi diffraction (TKD), also 
known as transmission-electron backscatter diffraction (t-EBSD) or transmission electron 
forward scatter diffraction (t-EFSD), is a method that improves spatial resolution over 
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EBSD by measuring the forward-scattering near the back surface a specimen typically 
prepared in a similar manner to TEM samples, i.e., thinned to < 100 nm for transmission 
and diffraction of electrons. TKD provides much better spatial resolution than EBSD, down 
to 2 to 5 nm. Inelastic scattering of the electron beam by the sample produces electrons 
traveling in all directions, but those traveling in specific (hkl) directions are called Kikuchi 
bands. Indexing the Kikuchi bands can resolve orientation and crystal structure in the 
sample. Figure 3-9 shows band contrast images and the indexed TKD images, showing 
distinct grain orientations and distributions in CeO2 thin films. This information can be 
very useful for studying the in-plane uniformity of grains in thin films (see CHAPTER 6). 
 
Figure 3-9 (a) Cross-sectional band contrast maps and (b) transmission Kikuchi 
diffraction (TKD) maps in the out-of-plane direction of CeO2 thin films. Images 
courtesy of Hanhan Zhou, North Carolina State University. 
 For the TKD measurements in this work, focused ion beam (FIB) milling was used 
to prepare thin specimens, after which they were sputter-coated with 20 nm of Au to 
increase sample conductivity and mitigate drift during imaging. A 3 µm-thick Pt layer was 
also deposited on the sample surface before FIB milling under FEI Quanta 3D FEG to 
protect the sample surface from potential electron and ion damage. Cross-sectional TKD 
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samples were prepared using FEI Quanta 3D FEG which employs both electron and ion 
beam guns (SEM/FIB). TKD imaging was performed on the FIB samples using an Oxford 
Instruments NordlysNano Electron Backscatter Diffraction (EBSD) detector. Kikuchi 
diffraction patterns were acquired at 30 kV with the Oxford Instruments Aztec software. 
TKD data was processed using the HKL CHANNEL5 program Tango. Kikuchi images for 
the PZT were indexed to both cubic and tetragonal phases of the perovskite structure, 
showing details of the grain orientation in the probed films. 
 
3.3 Functional Response Characterization 
 The widespread implementation of ferroelectric thin films in a vast array of MEMS 
and microelectronics applications is primarily due to their large multifunctional dielectric, 
ferroelectric, and piezoelectric responses. The characterization of these functional 
responses as a function of processing parameters, material stack variations, and 
experimental radiation conditions is thus paramount to the work in this thesis. Both 
macroscopic and microscopic methods are discussed in detail, with general measurement 
parameters outlined here, but further detailed in the individual chapters. Characterization 
methods are presented in the order in which they are generally performed on fabricated 
PZT samples in all chapters of this thesis. All measurements were performed at room 
temperature and ambient conditions. 
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3.3.1 Low-field Relative Dielectric Permittivity and Loss Tangent 
 The relative dielectric permittivity, εr, and loss tangent, tan(δ), are measured at low 
applied AC electric field, before the onset of irreversible extrinsic contributions to the 
dielectric response, such as those by nonlinearly- and hysteretically-mobile domain walls 
(see Section 2.5). At low electric field, intrinsic lattice effects and the reversible vibration 
of domain walls dominate the dielectric response. All measurements of the low-field 
dielectric permittivity in this work were performed at 100 mV and 1 kHz using an Agilent 
4284A precision LCR meter with a long integration time. The LCR meter measures the 
capacitance of the parallel-plate metal-ferroelectric-metal sandwiched capacitor (Figure 
3-6), which is then converted to dielectric permittivity using the expression for capacitance 





where C is the measured capacitance, εr is the relative dielectric permittivity, ε0 is the 
permittivity of free space, A is the cross-sectional area of the (typically cylindrical) 
ferroelectric capacitor being interrogated, and d is the thickness of the dielectric media 
(ferroelectric thin film).  
 The dielectric loss tangent quantifies a dielectric material’s intrinsic dissipation of 
electromagnetic energy (as opposed to storage as a capacitor in the dielectric media). δ is 
the loss angle, and refers to the phasor in the complex plane whose real component is 
resistance (lossy) and imaginary component is reactive (lossless). tan(δ) is also often called 
the dissipation factor. Measurements of tan(δ) were performed simultaneously with the 
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capacitance measurements at 100 mV and 1 kHz using an Agilent 4284A precision LCR 
meter with a long integration time, and recorded to the thousandth place. The loss tangent 
is often reported as a percentage.  
 
3.3.2 Polarization-Electric Field Hysteresis Loops 
Polarization hysteresis loops are the hallmark feature of ferroelectric materials. In 
this work, polarization-AC electric field (P-E) hysteresis loops were obtained using a 
Radiant Technologies P-PM2 ferroelectric test system, using a bipolar sine wave at 100 Hz 
or 1 kHz, up to fields ranging from 100 to 1000 kV/cm. The P-E loops were analyzed to 
determine the remanent polarization (Prem), saturation polarization (Psat), positive and 
negative coercive fields (EC+ and EC-), and loop areas. The vertical shift in the P-E loop, 





where Prem+ and Prem- are the values of the positive and negative remanent polarization, 
respectively. Similarly, the horizontal shift of the electric field in the P-E (and d33,f-EDC, 






where EC+ and EC- are the positive and negative coercive fields, respectively. Notably, 
when running a single period of the applied waveform, prior relaxation of the sample’s 
polarization can result in a loop that starts at ~P = 0, but the loop terminates at a nonzero 
value of P, resulting in an open loop discontinuity and making extraction of polarization 
properties and coercive field difficult or unreliable. This effect is rectified by running two 
consecutive loops on the tool (without breaking in between), and analyzing the continuous 
loop from the second period of the applied waveform.  
 
3.3.3 Nonlinear AC Electric Field-Dependent Dielectric Permittivity 
 The AC electric field dependence of the dielectric permittivity response elucidates 
the intrinsic and extrinsic contributions to the response, as discussed in Section 2.5. The 
capacitance and dissipation factor of the films were measured at AC electric field from ~1 
kV/cm up to the coercive field (EC) (typically 20 to 50 kV/cm) at 1 kHz. The capacitance 
was converted to dielectric permittivity using Equation 3-4 and plotted as a function of 
applied AC electric field. From the plot, the sub-coercive, linear, Rayleigh region was 
identified (see Figure 2-11) and fitted with a least-squares linear regression, and the slope 
and intercept extracted, according to Equation 2-7. This analysis yields the reversible 
Rayleigh parameter, εinit, the intercept of the linear permittivity curve; and the irreversible 
Rayleigh parameter, α, the slope curve. εinit describes intrinsic contributions to the dielectric 
response such as lattice vibration as well as low field, reversible extrinsic contributions; 
while α designates extrinsic contributions to the dielectric response, e.g., from irreversible 
domain wall and phase boundary motion.  
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3.3.4 DC Electric Field-Dependent Dielectric Permittivity 
 Measurements of the dielectric permittivity as a function of applied DC electric 
field allow for further investigation of domain wall motion and extrinsic contributions to 
the dielectric response. Ferroelectric domain walls move with application of a DC field, 
and by superimposing a small AC amplitude over the DC bias, small oscillatory motions 
of the walls (i.e., vibrations) will result.153 Additionally, measurements of the dielectric 
permittivity as a function of DC electric field allow for extraction of the dielectric 
tunability, a useful parameter for gauging the versatility of a dielectric material for use in 
filters and frequency-agile radio-frequency (RF) circuits, which leverage the pronounced 
variability in dielectric permittivity as a function of applied DC field.  
 Measurements of the DC electric field-dependent dielectric permittivity (εr-EDC) 
were typically performed up to maximum fields of 200-400 kV/cm with an overlapping 
small-signal 100 mV at 1 kHz. The overlapping small signal should not exceed the coercive 
voltage of the sample. If these measurements are combined with the converse, effective 
longitudinal piezoelectric response (Section 3.3.5), an overlapping small-signal voltage of 
~1 V is typically appropriate. The dielectric tunability is calculated using the expression 




where 𝜀wt,p]x  and 𝜀wt,p/F are the maximum and minimum values of the dielectric 
permittivity under DC field measurements, respectively. The dielectric tunability is often 
reported as a percent, and a value approaching unity signifies greater utility for filter 
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applications. In the literature, the εr-EDC hysteresis loops are often called C-V loops, derived 
from the raw capacitance-voltage data obtained from the measurement. 
 
3.3.5 Macroscopic Converse, Effective Longitudinal Piezoelectric Response 
 Measurements of the piezoelectric response in ferroelectric thin films can be 
performed by quantifying either the direct or converse piezoelectric effects, through charge 
measurements or strain/displacement measurements, respectively. In this thesis, the 
converse piezoelectric effect is measured with high-resolution double beam laser 
interferometry (DBLI). For measurements of the piezoelectric coefficients, a coordinate 
system is defined, where the x-, y-, and z-directions are conventionally referred to by the 
numbers 1, 2, and 3, respectively.2 Subscripts of the measured piezoelectric coefficient (dij, 
eij, gij, hij) can be defined in a Cartesian coordinate system where i corresponds to poling 
axis and j refers to the measurement axis (Figure 3-10). In this work, the converse 
longitudinal piezoelectric coefficient, d33, was measured to quantify piezoelectric response 
in the out-of-plane direction, i.e., normal to the surface of the substrate/thin film. However, 
polycrystalline ferroelectric thin films contain a wide array of domain structures, grain 
orientations, defects, residual substrate clamping, etc. that affect the measurements of the 
pure piezoelectric coefficients.2 Thus, the piezoelectric measurements on thin films are 
denoted as “effective” measurements thereof, and the converse, effective longitudinal 
piezoelectric response is accordingly designated as d33,f. From the measurements of d33,f 
are extracted the remanent (d33,f,remanent or d33,f,rem) and mean saturation values (d33,f,saturation 
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or d33,f,sat) of the piezoelectric response, and in certain cases, the horizontal shift of the 
coercive field in the d33,f-EDC hysteresis loops is calculated according to Equation 3-6.  
 
Figure 3-10 Schematic representation of a sample with electrodes on the top and 
bottom faces, showing the poling and measurement axes and corresponding 
subscripts for the piezoelectric coefficients. Note that dij, is shown, but could be 
substituted for the other three piezoelectric coefficients.  
 Measurements of the converse, effective longitudinal piezoelectric response (d33,f) 
as a function of DC field (d33,f-EDC) were performed on an aixACCT double beam laser 
interferometer (DBLI), typically to maximum electric field of ~200 to 400 kV/cm with an 
overlapping AC signal VAC ≈ 0.5VC (~1 V in most cases). The DBLI system measures the 
electric field-induced differential displacement of the two major surfaces of the sample (top 
electrode and bottom surface of the substrate). A laser is split and merged at several critical 
locations (see Figure 3-11) in the path, and the constructive/destructive interference of the 
beam is calibrated to displacement of the sample with application of electric field. 
Compared to single beam interferometry, which only measures the top surface 
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displacement, DBLI effectively eliminates contributions from the bending of the substrate 
induced by the piezoelectric thin film. A measurement of the total hysteretic displacement 
as a function of applied AC electric field also leverages the DBLI method and is often 
called a “butterfly loop.”  
 The use of DBLI requires that the two measurement surfaces of the sample are 
highly reflective. The sputtered Pt top electrodes satisfy this condition, as does the use of 
double-side polished (DSP) wafers during the CSD process for the bottom surface. 
However, samples prepared on single-side polished (SSP) wafers must be backside-
polished prior to testing. Polishing was performed after the CSD and top electrode 
patterning, by masking the top side with SPR-220 photoresist (PR), spun at ~1000 rpm for 
1 min, and baked for ~4 min, or until the PR is hard to the touch with tweezers after 
removing from the hot plate and allowing to cool. The samples were then polished 
manually on a rotary polishing wheel with 1 µm, 0.3 µm, and 0.05 µm Al2O3 powders, 
until a mirror polish was achieved. Photoresist was stripped in acetone and rinsed with IPA. 
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Figure 3-11 Schematic diagram of the aixACCT double beam laser interferometer 
(DBLI). M = mirror, BS = beam splitter, PBS = polarizing beam splitter, P = plate, L 
= lens, CCD = charge coupled device. Image credit: aixACCT Systems GmbH.154 
 
3.3.6 Piezoresponse Force Microscopy 
 While measurements of the macroscopic piezoelectric response allow for an 
effective measurement of the “aggregated” macroscopic material properties,2 
characterization of the local piezoelectric response at individual grain and domain locations 
can provide an interesting picture of local functional response as a function of 
microstructure and morphology (Figure 3-12). 
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Figure 3-12 Band-excitation piezoresponse force microscopy (BE-PFM) (a) amplitude 
and (b) phase performed on highly 100-textured relaxor ferroelectric PMN-PT thin 
films, showing distinct grain morphology and the enhancement of local piezoresponse 
in annular regions near individual grain boundaries.155 
 Piezoresponse force microscopy (PFM) is performed on an AFM system with an 
applied bias through a conductive probe tip to interrogate the sample. The displacement of 
the PFM probe tip as it responds with the film and the applied tip bias allows for 
characterization of a variety of dielectric and piezoelectric properties, including local 
polarization state/direction (Figure 3-13). However, PFM is not able to accurately quantify 
the magnitude of material strain, as the tip/film contact is heavily affected by the surface 
topography, nonuniform electric field distribution, probe tip wear, etc. The continuous 
bottom Pt electrode is electrically grounded and used as the bottom electrode for PFM. 
Multiple types of PFM measurements are performed in the work presented in this thesis, 
including those at a single measurement frequency, dual amplitude resonance tracking 
(DART) PFM, band-excitation PFM (BE-PFM), switching spectroscopy PFM (SS-PFM), 
and band-excitation switching-spectroscopy PFM (BE-SSPFM).  
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Figure 3-13 Schematic representation of PFM probe tip interaction with a 
piezoresponsive material. (a) shows the interaction of the tip where the applied 
electric field (E) vector aligns with the polarization direction (P), and resulting (b) in-
phase measurement. (c) shows the case where the applied field direction is anti-
parallel to the polarization direction, resulting in an (d) out-of-phase response. Image 
credit: Tertib64.156 
 
3.3.6.1 Single-frequency PFM 
 The interaction between the ferroelectric material and the conductive PFM probe 
tip is frequency-dependent, and results in a resonant mode with an applied bias, typically 
on the other of several hundred kHz for the PZT thin films studied in this work. This 
resonance can be leveraged to increase the signal-to-noise ratio (SNR) of the piezoresponse 
measurement. Single-frequency PFM applies the tip bias at a given frequency near 
resonance, but the resonant frequency is subject to change based on sample morphology 
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and local response variability, potentially making the SNR inconsistent, and rendering the 
phase of the piezoresponse difficult to track in some cases. Single-frequency PFM was 
performed on the same Asylum Research MFP-3D used for AFM measurements, (Section 
3.2.4), typically with Pt- or Ir-coated PFM probe tips from BudgetSensors, Olympus, and 
NanoSensors. Contact set point was 800 mV to 1 V, scan frequency was 0.5 to 1 Hz, and 
scan area was 2 to 20 µm. 
 
3.3.6.2 Dual Amplitude Resonance Tracking PFM 
 Dual amplitude resonance tracking (DART) PFM relies on tracking the resonance 
of the PFM tip-ferroelectric interaction with two lock-in amplifiers, allowing for dynamic 
monitoring and more consistent scans of the piezoresponse (Figure 3-14). DART mode 
measurements were performed on Asylum Research MFP-3D, with similar measurement 
parameters to those used for single-frequency PFM. DART PFM provides a significant 
improvement over single-frequency PFM, with no time penalty. However, the system can 
lose track of the resonance peak, or it can become weak in samples of low response.  
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Figure 3-14 (a) Schematic representation of the DART PFM system set up with two 
lock-in amplifiers to track the tip-ferroelectric resonance. (b) The resonance peak and 
the tracking thereof by the two lock-in amps is shown.157 
 
3.3.6.3 Band-excitation PFM 
 Interrogation of the sample with an AC electric field across a band of frequencies 
(band-excitation, BE-PFM) is a more reliable way to study the piezoresponse behavior in 
PFM measurements, and can provide striking information regarding the local 
piezoresponse (Figure 3-12). The BE waveform is generated and applied to the sample. 
The cantilever response is collected and the Fourier transform at each pixel/tip location is 
performed, yielding the transfer function of the cantilever response. This response is fit to 
a simple harmonic oscillator (SHO) and yields the amplitude, phase, resonance frequency, 
and quality factor of the interaction.158 BE-PFM requires expensive equipment, robust 
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fitting software, and is more time-consuming than DART and single-frequency methods. 
BE-PFM was performed at Oak Ridge National Laboratory Center for Nanophase 
Materials Sciences, and at University College Dublin; the specifics of such experiments 
are outlined in respective chapters.  
 
Figure 3-15 Schematic demonstrating the principle of band-excitation piezoresponse 
force microscopy (BE-PFM). An electric field is generated and applied to the sample 
across a band of frequencies. The cantilever response is collected and the Fourier 
transform at each pixel/tip location is performed, yielding the transfer function of the 
cantilever response. This response is fit to a simple harmonic oscillator (SHO) and 
gives the amplitude, phase, resonance frequency, and quality factor of the interaction. 
158 
 
3.3.6.4 Switching Spectroscopy PFM 
 The previous methods pertaining to PFM are useful for areal scans of the material 
and observing the amplitude and phase of the piezoresponse across those regions, allowing 
for correlation of the piezoresponse to microstructure and morphology. However, the local 
hysteretic switching behavior, including coercive field, imprint, and remanent/saturation 
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responses are important for studying and engineering materials at the micro-/nano-scale. 
Switching spectroscopy PFM (SS-PFM) applies a bias to a local region of the material and 
collects the hysteretic piezoresponse strain at that point with the PFM cantilever, allowing 
for extraction of local response parameters, as well as construction of an area map of the 
material showing changes in local responses.159 SS-PFM can be integrated with both 
DART PFM and BE-PFM methods; details of these experiments are discussed in 
appropriate chapters.  
 
Figure 3-16 Diagram illustrating switching-spectroscopy piezoresponse force 
micrsocopy (SS-PFM). (a) shows the interaction of the tip with the material surface, 
and the application of (b) electric field waveform, allowing for extraction of (c) the 
local hysteresis behavior and related response parameters.159 
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3.4 Gamma Radiation Exposure 
 The majority of the work in this thesis deals with the effects of ionizing radiation 
and total ionization dose (TID) studies involving gamma radiation. Gamma rays are 
photons generated from the radioactive decay of atomic nuclei, and are the most energetic 
form of electromagnetic radiation (> 100 keV). Typical wavelengths are less than 10 
picometers and frequencies above 10 exahertz (1019 Hz). Due to the prevalence of gamma 
radiation in space (related to satellite and communications applications) and as the most 
energetic form of photonic, penetrating irradiation, it was selected for the studies in this 
thesis. Gamma irradiations were performed at the US Naval Research Laboratory, using a 
60Co source (Figure 3-17), which produces radiation with energies of approximately 1.25 
MeV. The geometry of the 60Co gamma source surrounds the sample, resulting in an 
isotropic exposure, thus eliminating any effects of radiation directionality. Doses were 
typically spaced semi-logarithmically, at 0.2, 0.5, 1.0, 2.0, 5.0, 10.0, and (in one experiment 
in CHAPTER 8) 20 Mrad equivalent Si dose, at a dose rate of ~600 rad(Si)/s. All electrodes 
were left floating during radiation exposure. All samples were functionally characterized 




Figure 3-17 Image of the 60Co source used in this work, located at the US Naval 
Research Laboratory (NRL). Image courtesy of Cory D. Cress, US Naval Research 
Laboratory 
 
3.5 Membrane Microfabrication Process 
 The microfabrication process for preparation of the “membrane” samples used in 
CHAPTER 11 is a relatively complex process with multiple fabrication steps that are 
documented here for completeness and future work reference.  
 
3.5.1 Substrate Preparation 
 Specifics of individual substrates used are available in CHAPTER 11. Both 300 
µm- and 500 µm-thick, 100 mm-diameter 100-Si p-type, double-side polished (DSP) 
wafers with 500 nm to ~1.3 µm thermal SiO2 (Tystar Tytan Mini) were used. A 20 nm Ti 
adhesion layer and 80 nm Pt bottom electrode layer were sputtered (Unifilm Sputterer) at 
~200 Å/min. The platinized top side of the wafer was spin-coated with SPR-220 photoresist 
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(PR) (MicroChem) at 300 rpm for 20 s and 1000 rpm for 45 s in a continuous step (SCS 
G3 spin coater). The wafer was baked at 115 °C for 5 min, and Mask 1, consisting of 
parallel dicing marks and topside alignment marks, was exposed to a dose of 1200 mJ/cm2 
(Karl Suss MA-6, i-line 365 nm). No post-exposure bake was performed, but a wait step 
of ~60 min was necessary to allow for proper cross-linking of the PR polymer. The wafer 
was then developed in MF 319 developer (MicroChem) for ~4-5 min, and a final oven bake 
at 100 °C for 30 mins was performed. The dicing marks were etched through the Pt layer, 
using a PlasmaTherm inductively coupled plasma (ICP) tool with 8 sccm Cl and 32 sccm 
Ar, a chamber pressure of 10 mTorr, coil power of 600 W, platen power of 250 W, and 5 
min etch time. Residual photoresist was dissolved in acetone. This process created the 
topside dicing marks and alignment marks for the backside alignment (Figure 3-18a) 
 The backside alignment process opened the windows in the backside SiO2 for 
eventual backside Si plasma etching. The bottom side of the wafer (SiO2 only) was spin-
coated with SPR-220 photoresist (PR) (MicroChem) at 300 rpm for 20 s and 1000 rpm for 
45 s as a continuous step (SCS G3 spin coater). The wafer was baked at 115 °C for 5 min, 
and Mask 2, consisting of large backside openings (approximately 1 cm × 1 cm) was 
exposed to a dose of 1200 mJ/cm2 (Karl Suss MA-6, i-line 365 nm). The mask was aligned 
to alignment marks at positions indicated in Figure 3-18b. No post-exposure bake was 
performed, but a wait step of ~60 minutes was again necessary to allow for proper cross-
linking of the PR polymer. The wafer was then developed in MF 319 developer 
(MicroChem) for ~4-5 min, and a final bake in an oven at 100 °C for 30 min was performed. 




Figure 3-18 Images of intermediate steps of the membrane processing. (a) shows the 
topside dicing marks after etching in the Pt/Ti layer. (b) shows the backside of the 
wafer with SPR-220 photoresist (PR), after backside alignment and PR development, 
but before the SiO2 etch. (c) shows the backside of the wafer after plasma etching of 
SiO2 and PR removal, directly before the dicing step. (d) shows an individual PR-
masked chip before backside DRIE etching of the Si substrate. 
 The backside of each wafer was then etched to selectively remove the SiO2 from 
the patterned square openings using an Advanced Vacuum Vision RIE with 45 sccm CHF3, 
5 sccm O2, platen power of 250 W, RF frequency 13.56 MHz, and 45 mTorr chamber 
pressure, resulting in an etch rate of approximately 20 nm/min. Residual PR was removed 
in acetone; an image of the wafer at this point in the process is shown in Figure 3-18c.  
 At this point, the wafer is either (i) diced, then PZT deposited via CSD, and top 
electrodes fabricated, or (ii) PZT deposited on the whole wafer, top electrodes fabricated, 
then diced. Dicing was done by GT IEN cleanroom staff; the wafer was protected 
beforehand from residual Si particles by spinning a thin layer of NR9-1500PY on Pt topside 
and hardening, according to the process in Section 3.1.4.1. Specifics of the PZT depositions 
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can be found in CHAPTER 11; multi-layer anneal (MLA) films with a target thickness of 
~1 µm were deposited. Top electrodes were fabricated via photolithography using Mask 3. 
In the case of the remote electrode map (see CHAPTER 11), SC 1827 photoresist 
(Microposit) was used, spun at 1000 rpm for 10 s with a 1.5 s ramp, transition to 3000 rpm 
for 40 s with a 2.5 s ramp (SCS G3 spin coater), soft baked for 60 s at 115 °C, exposed to 
a dose of 240 mJ/cm2 (Karl Suss MA-6, i-line 365 nm), and developed in MF 319 for 40 s. 
In case (i), alignment marks exist in all 4 corners of each individual die, and top side 
alignment is possible. In case (ii), the standard alignment marks for the whole-wafer 
process, as indicated in Figure 3-18b, were used for topside alignment.  
 Individual chips were, at this point, nearly ready for backside etching of the Si 
substrate. However, the thickness of the Si substrate was 300 to 500 µm, and the SiO2 mask 
around the edges of the backside of each chip was 500 nm to 1.3 µm thick. The selectivity 
of the Si plasma etch is ~100:1 Si to SiO2, meaning that there is not enough SiO2 thickness 
to act as a hard-mask for the full backside through-etch of the Si substrate. Thus, SPR-220 
was again applied to the back side of each chip, according to the same process as described 
above for backside patterning. Individual chips were then exposed, again using Mask 2 to 
open a window in the PR directly above the window that was previously etched in the SiO2, 
thus leaving a thick layer of SPR-220 directly over the SiO2, to act as a mask during the Si 
etching (Figure 3-18d). This masking process via alignment of Mask 2 was performed only 
for the first backside Si etch. The first Si etch typically resulted in enough of a depth 
differential that subsequent masking was possible by simple brushing of SPR-220 around 
the frame with a cleanroom swab, and hardening on the hot plate, in order to avoid the 
lengthy photolithography process. This PR hard mask was eventually discovered to 
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contribute to re-deposition of the etched PR on the backside of the membrane during 
etching, resulting in a pitted and/or “grass-like” surface. In later experiments, the edges of 
the chip were masked with Kapton tape instead of PR, which alleviated this problem. 
 
3.5.2 Backside Plasma Etching of the Si Substrate 
 The PR-hard-masked samples were adhered using Cool Grease vacuum grease to a 
Si carrier wafer with a thick layer of grown thermal SiO2. Samples were etched in an STS 
ICP using both a Bosch process deep reactive ion etch (DRIE) as well as a nearly isotropic 
DRIE Si etch for later experiments. The Bosch process, also known as a “pulsed” or “time-
multiplexed” etch, alternates cycles between a nearly isotropic plasma etch of SF6 and a 
chemically inert passivation layer (C4F8, similar to Teflon), which coats the sidewalls and 
base of the etch. The semi-directional nature of the ions from the subsequent cycle of SF6 
essentially sputters off the base of the chemically inert layer, while the sidewalls remain 
relatively intact (Figure 3-19a). The cyclic process results in scalloped sidewalls shown in 
Figure 3-19b. Parameters of the etch process used for this work are shown in Table 3-2, 
and experimental data estimating the etch rate is available in Figure 3-20. 
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Figure 3-19 Schematic of the Bosch DRIE process, showing (a) organofluorine 
passivation layer, (b) the semi-isotropic SF6 etch, (c) high aspect ration trenches, and 
(d) scalloped sidewalls resulting from the iterative process.160 
 After several iterations of membrane samples using the Bosch DRIE process, it was 
observed that the interior corners of the backside of the membrane were etching through 
before the center portion of the membrane. It was hypothesized that this effect was 
observed due to the cyclic etch process. A pure SF6 etch was employed for remaining 
experiments, with somewhat improved results. Notably, the pure SF6 etch resulted in a 
smoother backside surface and more rounded edge transitions from the vertical sidewall to 
the horizontal backside surface of the membrane, potentially resulting in less intense stress 
risers at those locations. Parameters of the etch process used for this work are available in 
Table 3-2, and experimental data estimating the etch rate is shown in Figure 3-20. 
Measurements of the etch depth were performed with the Tencor KLA P15 and Veeco 




bowing due to strain induced by the electrodes was performed with a Veeco Wyko NT2000 
white light, non-contact interferometer (see CHAPTER 11).  
 
Figure 3-20 Plots of measured etch depth in Si as a function of etch time for both the 
anisotropic Bosch process and isotropic DRIE etches used in this work, with 
trendlines fitted to estimate the etch rate. 
Table 3-2 Parameters for the isotropic and Bosch process DRIE etches, and the 
estimated etch rate per minute derived from experimental data. 
 Isotropic DRIE Bosch Process DRIE 
 Etch Etch Passivation 
Cycle time (s) ∞ 11 8 
Pressure (mTorr) 0.1 0.1 0.1 
SF6 flow (sccm) 130 130 -- 
C4F8 flow (sccm) -- -- 90 
O2 flow (sccm) 13 13 -- 
Coil power (W) 600 800 800 
Platen power (W) 10 17 0 
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The effects of gamma irradiation on the dielectric and piezoelectric responses of 
Pb(Zr0.52Ti0.48)O3 (PZT) thin film stacks were investigated for structures with conductive 
oxide (IrO2) and metallic (Pt) top electrodes. The samples showed, generally, degradation 
of various key dielectric, ferroelectric, and electromechanical responses when exposed to 
2.5 Mrad(Si) 60Co gamma radiation. However, the low-field, relative dielectric 
permittivity, εr, remained largely unaffected by irradiation in samples with both types of 
electrodes. Samples with Pt top electrodes showed substantial degradation of the remanent 
polarization and overall piezoelectric response, as well as pinching of the polarization 
hysteresis curves and creation of multiple peaks in the permittivity-electric field curves 
post irradiation. The samples with oxide electrodes, however, were largely impervious to 
the same radiation dose, with less than 5% change in any of the functional characteristics. 
The results suggest a radiation-induced change in the defect population or defect energy in 
PZT with metallic top electrodes, which substantially affects motion of internal interfaces 
such as domain walls. Additionally, the differences observed for stacks with different 
electrode materials implicates the ferroelectric-electrode interface as either the 
predominant source of radiation-induced effects (Pt electrodes) or the site of healing for 




Perovskite ferroelectrics offer large dielectric, piezoelectric, and pyroelectric 
response, which can be simultaneously leveraged to create multifunctional devices and 
enable miniaturization in various applications.1 Among such devices are concepts for 
autonomous, millimeter-scale robotics where the ferroelectric components fulfill multiple 
tasks; these include environmental energy harvesting, logic elements, acoustic and optical 
sensors and transducers, and precision positioners and locomotion units, all performed by 
the ferroelectric material.42 Such units are of particular interest for performing duties in 
hostile environments that are either difficult to reach or otherwise dangerous for humans. 
Space is a quintessential example of one such environment, along with facilities that use 
or process radioisotopes. Thus, it is necessary to characterize the multifunctional properties 
of ferroelectric oxides as a function of radiation exposure, in order to evaluate device 
performance and functionality in harsh environments. 
Prior work studying radiation effects on ferroelectric materials has primarily 
concentrated on applications in memory devices and capacitors, showing radiation-induced 
degradation of dielectric and polarization responses in ferroelectric thin films.90,92-94,96,161 
While degradation of functional properties due to high doses of X-rays, gamma rays, 
neutrons, and protons has been previously reported, ferroelectric thin films behave largely 
as radiation-hard materials (retaining critical functionality in the material) at radiation 
doses up to hundreds of krad, and often several Mrad.40,97,98,100,103 However, there is 
evidence, even at the lowest doses, that radiation exposure creates defects or activates 
existing defects, causing measurable changes in the fundamental material properties. 
 95 
Radiation transfers energy to a material via electron excitation and ionization, 
generating electron-hole pairs; or through nuclear interactions, giving rise to lattice 
vibrations and atomic displacements. Low energy (below ~75 keV) photons (X-rays, 
gamma rays) and electrons do not have sufficient energy to directly create atomic 
displacements and therefore interact with materials by exciting electrons, ultimately 
leading to trapping at defect centers.87 At higher energies, these particles ionize the material 
with which they interact and have sufficient energy either directly (electrons) or indirectly 
(gamma ray Compton scattered electrons) to form Frenkel defects, i.e., vacancies and 
interstitial pairs.88 The displaced atom, or recoil, will also lose energy through ionization 
and may have sufficient energy to create additional defects, forming a defect cascade. 
Charged particles including protons and ions, similar to electrons, transfer energy to the 
material via electron and nuclear interactions, yet their greater mass and concomitantly 
lower velocities increase their interaction time with the material, yielding much higher rates 
and more localized tracks of ionizing energy transfer. The larger mass also increases the 
probability of displacement events and subsequent defect cascades, ultimately leading, in 
some cases, to defect clustering and amorphization for high doses.89 
In a ferroelectric material, defects are of particular importance, as the elastic and 
electric energies associated with defects (point, line, surface, or volume) are responsible 
for changes in the energy landscape and resulting motion of internal interfaces across this 
landscape.4,37 The substantial ferroelectric and electromechanical responses in ferroelectric 
thin films, such as lead zirconate titanate (PZT), are in large part due to extrinsic 
contributions of hysteretically and nonlinearly mobile internal interfaces, such as domain 
walls and phase boundaries (see Figure 4-1).4,162 The mobility of these interfaces is 
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determined by the internal energy landscape of the material, owing to electric and elastic 
fields associated with lattice defects, including vacancy and dopant point defects, grain 
boundaries, and other internal interfaces (such as other domain walls), as well as hetero-
interfaces with the electrodes and/or the substrate.6,7 To simplify the following discussion, 
domain walls will be considered as the representative internal interfaces responsible for the 
extrinsic contributions, while noting that motion of phase boundaries or defect dipoles can 
similarly contribute to the functional response in ferroelectrics.  
 
Figure 4-1 Representation of reversible and irreversible interface motion in 
ferroelectrics, such as the PZT thin films studied here. U(s) represents potential 
energy as a function of interface (domain wall) position s, while Ps shows polarization 
direction. Reversible motion contributes to the low-field response, while irreversible 
motion of interfaces over pinning centers is mostly observed at increasing fields 
(larger activation energy). 
Radiation-induced ionization and displacement events can potentially provoke 
deleterious effects in ferroelectrics by increasing defect concentrations and leading to 
changes in the defect energy landscape of the material. Changes in both concentration and 
 97 
energy of defects can increase pinning of internal boundaries and interfaces, thereby 
restricting their mobility and ultimately the functional response of the material. Bastani et 
al. and Proie et al. demonstrated substantial degradation in polarization response and 
changes in permittivity-electric field (εr-E) characteristics in PZT thin films, due to trapped 
charges introduced by X-rays, protons, and gamma irradiation.97,100 Neutron irradiation, 
which predominantly transfers energy through nuclear interactions, has been shown to 
introduce defect dipoles, and result in measureable increases in O and Pb vacancies in 
ferroelectric PZT.40,98 
Of particular interest for studies of defect accumulation and their effects is the 
interface between PZT and the electrodes. In studies of fatigue and retention loss in PZT 
thin films, the role of the ferroelectric-metal electrode interface has been previously 
highlighted: defects can move, accumulate, and self-order near the interface, resulting in 
large volumes of domain wall pinning and inhibited ferroelectric response.72,163-165 Prior 
research also supports formation and/or thickening of existing non-ferroelectric layers near 
the PZT-metal electrode interface, the presence of which is a primary source of degradation 
of response in ferroelectric thin films, via restriction of domain nucleation and 
switching.63,64,166-168 Conversely, using conductive transition metal oxides as electrodes 
helps to reduce fatigue in ferroelectric thin films, suppressing polarization back-
switching.71 The improvement has been attributed to the reduced concentration of charged 
defects at the oxide-oxide (ferroelectric-conductor) interface compared to oxide-metal 
interfaces.57,63,64,163,164,166,169 
While the interface between either the top or bottom electrode and the ferroelectric 
material can act as a site for defect accumulation and fatigue, the bottom electrode acts as 
 98 
a building block for film orientation. For instance, Pt is typically employed due to its 
compatibility with the high temperature crystallization of the PZT thin films and can serve 
as template layer for (111)-textured PZT. Alternatively, the Pt layer enables thin seed layers 
to be used to induce a (001) texture in PZT thin film crystallization.131 As such, studying 
various top electrode materials presents a convenient method to investigate the effects of 
defect accumulation at the PZT-electrode interface while decoupling the experiment from 
any changes in film texture. Here we discuss the role of top electrode material on the 
radiation-induced degradation of ferroelectric properties of PZT thin film stacks by 
comparing the effects of gamma radiation on films with IrO2 and Pt top electrodes. 
 
4.3 Experimental Procedure 
Pb(Zr0.52Ti0.48)O3 (PZT) thin films were fabricated at the US Army Research 
Laboratory using 150 mm diameter platinized 100-silicon wafers consisting of 100 nm Pt 
/ 35 nm TiO2 / 500 nm of SiO2 / Si. A PbTiO3 seed layer was used to induce 001-texturing 
of the PZT films, which were prepared via chemical solution processing and spin coating 
deposition. The films were 529 nm and 527 nm thick (for samples with IrO2 and Pt, 
respectively) and showed strong 001-crystallographic texturing. Further details for the 
substrate and film processing are reported elsewhere.109,131 IrO2 or Pt top electrodes were 
100 nm-thick and sputter-deposited onto the wafer at 500 °C. The IrO2 electrodes were also 
processed with a post-deposition furnace anneal at 650 °C in flowing O2 for 30 minutes. 
The electrode and PZT were patterned through argon ion milling, followed by a series of 
additional metallization steps for creating proper interconnects to device structures. The 
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overall process flow for creation of the test devices is discussed by Proie et al.100 Figure 
4-2 shows baseline characterization of the PZT thin films with IrO2 and Pt top electrodes 
via time of flight secondary ion mass spectrometry (ToF-SIMS) (Figure 4-2a and Figure 
4-2d), scanning electron microscopy (SEM) (Figure 4-2b and Figure 4-2e), and X-ray 
diffraction (XRD) (Figure 4-2 and Figure 4-2f).  
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Figure 4-2 Baseline characterization of PZT thin film stacks with IrO2 and Pt top 
electrodes. ToF-SIMS characterization for PZT films with a) IrO2 and d) Pt top 
electrodes, respectively; SEM images of PZT microstructure near an electrode for b) 
IrO2 and e) Pt, respectively; and crystallographic phase identification via XRD for 
stacks with c) IrO2 and f) Pt top electrode, respectively. The presence of Cs in ToF-
SIMS is noted due to the use of Cs+ ions in the depth profile analysis, leading to 




 All samples were irradiated with 2.5 Mrad (equivalent Si dose), using a 60Co 
gamma radiation source at a dose rate of approximately 600 rad(Si)/s at the Naval Research 
Laboratory (NRL). The electrodes were left floating during radiation exposure. The 
dielectric and electromechanical responses of the samples were fully characterized before 
and after irradiation and are summarized in (Table 4-1). The measurements included, in 
order, low-field permittivity, polarization response (to identify the coercive field), 
nonlinear dielectric response, DC electric field-dependent permittivity response, and DC 
electric field-dependent electromechanical response, followed by irradiation, and repeat of 
the experiments. Early experiments to pole the samples with DC bias at 2 to 3 times VC 
(coercive voltage) for extended periods of time resulted in no change in polarization, 
dielectric, or electromechanical responses, and were therefore abandoned for this research, 
effectively confirming that experiments on virgin samples would have no effect on 
experiments taken after irradiation due to changes in the material. Low-field dielectric (εr) 
measurements were performed at 100 mV and 1 kHz, using an Agilent 4284A precision 
LCR meter. Polarization-electric field (P-E) hysteresis experiments were carried out at 1 
kHz at fields up to 400 kV/cm using a P-PM2 Radiant ferroelectric test system. AC-
nonlinear dielectric permittivity measurements were taken at 1kHz with AC electric field 
up to approximately the coercive voltage of all samples. εr-EDC measurements were 
performed up to 200 kV/cm DC electric field with an overlapping small signal DC voltage 
of 500 mV. Measurements to probe the converse, effective longitudinal piezoelectric 
response (d33,f) were performed on an aixACCT double-beam laser interferometer (DBLI) 
system at 1 kHz and VAC = 0.25VC with DC electric field up to 200 kV/cm. All reported 
measurements are subject to up to 3-5% total experimental error, due to sample variability. 
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These errors are independent and in addition to those shown in the experimental values 
reported in Table 4-1. 
 Synchrotron XRD was performed using beamline 33-BM-C with an energy of 15 
keV (l = 0.82613 Å) at the Advanced Photon Source (APS) at Argonne National 
Laboratory. The samples were mounted on the standard beam-line stage and electrical 
signals were applied via tungsten microprobes in contact with the top and bottom electrodes 
of the sample, with the voltage being driven through the bottom electrode. The voltage 
through the micro-probes was applied using a Keithley 2450, 200V source meter. A 
Keysight E4980A LCR meter was used to ensure electrical contact with the samples (by 
measuring capacitance) and to monitor the leakage current in the sample throughout the 
experiments. The beam size used was 0.3 mm in the horizontal direction by 1.0 mm in the 
vertical direction. Alignments were performed for the x, y, and z positions to ensure that 
the diffraction patterns were obtained solely from PZT experiencing the electric field. 
Diffraction data was measured on a Pilatus100K area detector using q-2q scans, with the 
incident angle (q) being kept to half of the diffracted angle (2q) throughout the 
measurements. Line scans (Intensity vs. 2q) were extracted from the area data by 
integrating through the azimuthal angle of the detector image. Data presented in results 
(Figure 4-8) is the section of the scattering data containing the 002- and 200-PZT 
reflections. 
It should be noted that comparisons in results and discussion do not offer 
conclusions with respect to either top electrode material or the PZT thin film in isolated 
conditions, but rather the whole material stack (PZT, similar bottom electrode stack and 
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substrate, and differing top electrode material), as described above, and include any 
inherent and necessary differences in processing conditions. 
 
4.4 Experimental Results 
The low-field, relative dielectric permittivity of virgin PZT films with IrO2 and Pt 
electrodes was approximately 950 and 1000, respectively. A representative sampling of the 
dispersion of the measured relative dielectric permittivity for virgin and irradiated samples 
with Pt and IrO2 electrodes is shown in Figure 4-3. Exposure to irradiation resulted in a 
negligible degradation of relative permittivity for samples with both IrO2 and Pt electrodes, 
only 1%. We note that while these changes are statistically relevant, they were within the 
range of measurement error. The reduction of dissipation factor (tan δ) upon irradiation 
was more substantial: from 1.7% to 1.6% (~6% reduction) for samples with IrO2 electrodes, 
and from 3% to 2.4% (~20% reduction) for samples with Pt electrodes (Table 4-1). 
Reduction in dissipation factor indicates a reduction in the overall conductivity of the 
dielectric material or reduced amounts of free charges, and could potentially indicate 




Table 4-1 Quantitative data for ferroelectric and electromechanical response of virgin 
and irradiated samples with IrO2 and Pt top electrodes, with percent change (from 
before to after irradiation) noted. Uncertainties expressed represent standard error 
expressed to one significant figures, except in some cases when the first significant 
digit is a 1, in which case uncertainty is expressed to two significant figures for 
consistency between measurements. Measurement values are reported to the same 




 Virgin 2.5 Mrad % change Virgin 2.5 Mrad % change 
Low-field Dielectric   
ε
r 954 ± 1 946 ± 1 -1% 998 ± 9 986 ± 7 -1% 
tan(δ) 1.7 ± 0.1 1.6 ± 0.1 -5% 3.0 ± 0.2 2.4 ± 0.1 -20% 
Rayleigh Analysis   
ε
init
 1100 ± 40 1130 ± 10 +3% 920 ± 70 1020 ± 20 +11% 
α (cm/kV) 52 ± 2 48 ± 1 -8% 35 ± 3 22 ± 1 -37% 
α/ε
init
 x10-3 (cm/kV) 49 ± 4 43 ± 2 -12% 40. ± 7 22 ± 1 -45% 
Polarization   
P
r
 (µC/cm2) 20.4 ± 0.2 19.6 ± 0.4 -4% 16.6 ± 1.6 10.7 ± 0.4 -36% 
P
sat
 (µC/cm2) 48.1 ± 0.1 48.1 ± 0.2 -- 48.7 ± 0.6 46.6 ± 0.1 -2% 
E
c
 (kV/cm) 28.6 ± 0.3 27.4 ± 0.3 -4% 41.8 ± 1.2 28.5 ± 1.4 -32% 
C-V Response   
% tunability 75.6 ± 0.2 73.5 ± 0.2 -3% 68.1 ± 0.4 67.4 ± 0.2 -1% 
Electromechanical   
d
33,f,saturation 
(pm/V) 45.5 ± 0.7 46.1 ± 0.8 +1% 68.2 ± 3.3 61.1 ± 1.2 -10% 
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Figure 4-3 Dot plot showing distribution of low-field relative permittivity (er) for 
samples with either oxide or metal top electrodes, both before and after irradiation. 
Points shown represent measurements taken on different electrodes. Error bars 
indicate 95% confidence interval from the mean for all measurements. Mean is shown 
as dark horizontal bar for each set of measurements. Measurements taken at 100 mV, 
1 kHz. 
The nonlinear dielectric response of the samples is shown in Figure 4-4. To quantify 
potential changes in extrinsic contributions, the nonlinear dielectric response was analyzed 
through the Rayleigh formalism.24 Specifically, of interest are the reversible Rayleigh 
parameter, εinit, the intercept of linear field-dependent relative dielectric permittivity, and 
the irreversible Rayleigh parameter, α, i.e. the slope of the field-dependent permittivity. 
εinit describes mostly contributions from the intrinsic lattice deformation and reversible 
motion of internal interfaces, while irreversible contributions (represented by α) describe 
larger-scale, irreversible domain wall motion. Therefore, α and the ratio of the irreversible 
to reversible Rayleigh parameters are considered a quantitative measure of the extrinsic 
contributions to the functional response.25 
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Figure 4-4 Nonlinear dielectric response at low to intermediate fields, probed with 1 
kHz AC waveform. Rayleigh analysis fits a line to the linear region of the plots (from 
10 kV/cm up to 30 kV/cm for these samples) to extract εinit (intercept) and α (slope). 
 Irradiation of film stacks with either electrode material resulted in degradation of 
α. However, films with Pt electrodes showed degradation in excess of four times (37% vs. 
8% degradation) the degradation observed in samples with IrO2 electrodes (Table 4-1). This 
implies that the irreversible motion of internal interfaces is severely reduced by irradiation, 
with greater effects seen in samples with Pt electrodes. Conversely, εinit, or reversible 
contributions to the response, showed enhancements of ~3% (within experimental error, 
Table 4-1) and 11% for samples with IrO2 and Pt electrodes, respectively (Table 4-1). The 
above results suggest that intrinsic response and/or reversible domain wall motion were 
augmented at the expense of irreversible domain wall mobility, which will be discussed 
hereafter. Finally, the ratio of α/εinit showed reduction for samples with both electrode 
 107 
compositions, although the reduction was smaller for samples with IrO2 electrodes (12%) 
compared to Pt electrodes (45%) (see Table 4-1 for details). 
 The effects of irradiation on the polarization-electric field (P-E) hysteresis curves 
are shown in Figure 4-5. Saturation polarization remained largely unaffected for samples 
with IrO2 electrodes, while those with Pt electrodes resulted in a modest 4% reduction, 
which is similar to the range of sample variability (Table 4-1). The remanent polarization 
was reduced by over 35% in samples with Pt top electrodes after irradiation, compared to 
essentially no change for films with oxide electrodes (Table 4-1). Additionally, at lower 
fields, a slight pinching of the hysteresis loops is observed in irradiated samples with Pt 
electrodes (Figure 4-5). 
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Figure 4-5 Ferroelectric response of virgin and irradiated samples with oxide and 
metallic electrodes, illustrating radiation-induced pinching of loops in samples with 
Pt electrodes. The measurements were performed at 1 kHz. 
Figure 4-6 shows the permittivity vs. DC electric field (εr-EDC) tunability curves for 
films with both electrode compositions. The tunability suffered minor degradation in both 
samples upon irradiation. However, the changes were once again within the experimental 
error, at -3% and -1% for samples with IrO2 and Pt top electrodes, respectively. 
Furthermore, irradiated samples with metal electrodes showed a slight horizontal peak shift 
as well as creation of a new peak, which will be discussed in the following section.  
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Figure 4-6 DC electric field-dependent permittivity curves for virgin and irradiated 
samples with IrO2 and Pt top electrodes, showing horizontal peak shift and creation 
of a new peak in samples with Pt top electrodes. The measurements were performed 
up to 200 kV/cm DC field with overlapping 500 mV, 1 kHz AC voltage. 
Negligible changes in electromechanical response, d33,f, were observed in samples 
with oxide electrodes, while samples with metallic electrodes suffered 10% degradation in 
saturation electromechanical response and 48% degradation in remanent electromechanical 
response. For samples with Pt electrodes, a reduction of approximately 66% in the 
dispersion of d33,f values was seen post-irradiation (Figure 4-7). It should be noted that the 
measured electromechanical response was, on average, approximately 20% lower for 
samples with IrO2 top electrodes compared to samples with Pt top electrodes, possibly due 
to tool limitations or sample variances. It should also be noted that the application of DC 
field to measure electromechanical response can result in lower d33,f values when compared 
to AC-field measurements of similar parameters, due to possible time dependence of 
nonlinear domain wall behavior.173,174 
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Figure 4-7 Dot plots showing distribution of electromechanical response (d33,f,sat) for 
virgin and irradiated samples with both IrO2 and Pt top electrode. Points shown 
represent measurements taken on different electrodes. Error bars indicate 95% 
confidence interval from the mean for all measurements. Mean is shown as dark 
horizontal bar for each set of measurements. The measurements were performed at 
up to 200 kV/cm DC field with overlapping 1 V AC voltage. 
 Finally, in order to further analyze the effects of gamma irradiation on ferroelectric 
PZT film stacks and the process by which degradation of functional properties occurs, 
synchrotron XRD and electron spin resonance (ESR) were performed on virgin and 
irradiated samples with IrO2 top electrodes after exposure at 10 Mrad (Si). Prolonged 
exposure experiments were undertaken in an effort to enhance the changes that could be 
observed using these techniques. 
The diffraction data from the virgin sample is shown in Figure 4-8a and Figure 
4-8b. While the two reflections cannot be seen independently in the diffraction profile, 
profile fitting to the pattern was successful at extracting the respective contributions of the 
002- and 200-reflections to the overall diffraction profile. Profile fitting was completed 
using a least squares refinement approach and two pseudo-Voigt functions, allowing for 
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the extraction of peak positions (2q). Using the extracted peak positions, lattice strain was 











Figure 4-8 a) and b) Representative intensity vs. 2θ XRD profiles acquired from the 
non-irradiated sample and c) 200-lattice strain plotted as a function of voltage for 
both non-irradiated and irradiated samples, both with IrO2 top electrodes. 
There are consistencies in the 200-lattice strain between virgin and irradiated 
samples: similar hysteresis is observed in both samples, similar maximum values at 
maximum field, and similar remanent strain values after removal of the field. The data 
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shows that there are no significant differences in the 200-lattice strain between the virgin 
and irradiated samples within the error of the peak position. This indicates that the high 
electric fields utilized in this experiment may overcome any influence of weak pinning 
centers that are induced by radiation (e.g., defect creation, domain wall pinning by weak 
pinning centers). 
Electron spin resonance (ESR) is a well-established microwave technique used to 
identify and quantify native and radiation-induced defects in a variety of materials. 
Experiments at 9.5 GHz on virgin PZT samples reveal a signal with Zeeman splitting g-
value of ~2.005 and full width at half maximum (FWHM) of ~10 G (Figure 4-9). These 
parameters are very similar to those for resonances attributed to oxygen vacancy-related 
defects in PZT powder samples.175 After application of 10 Mrad (Si) gamma irradiation, 
this ESR signal is observed to be approximately twice as broad, indicating differences in 
the defect-energy landscape, which will be discussed hereafter. 
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Figure 4-9 Electron spin resonance (ESR) spectra at 9.5 GHz for virgin and irradiated 




Gamma irradiation of PZT thin films with both oxide and metal top electrodes 
resulted in degradation of functional properties. However, a clear trend is observed in the 
dielectric, ferroelectric, and electromechanical responses for samples with IrO2 compared 
to Pt top electrodes: PZT thin films with oxide top electrodes show a higher tolerance to 
ionizing radiation-induced degradation than films with metallic top electrodes. 
A radiation-induced reduction in motion of the internal interfaces is highlighted by 
the reduction of the irreversible Rayleigh parameter (α), counterpointed by the increasing 
reversible Rayleigh component (einit), indicating either enhanced vibration of the same 
 114 
interfaces or intrinsic lattice strain (assuming that a subset of domain walls are completely 
pinned after irradiation).176 However, results from XRD analysis show consistent strain 
profiles for virgin and irradiated films, suggesting that the lattice strain response change 
with irradiation is low. It is therefore unlikely that the lattice strain response changes 
significantly after irradiation and, therefore, the change in einit is more likely due to 
contributions of domain wall motion. 
These observations suggest radiation-induced, “high energy” pinning sites (defects) 
for the motion of the internal interfaces, resulting in increased vibration and decreased 
overall motion of these interfaces, in terms of contributions to the overall dielectric 
response. We note that such higher-energy defects are consistent primarily with radiation-
induced creation of trapped charges as a consequence of ionization events, i.e. deepening 
of the potential energy wells corresponding to pre-existing defects. These trapped charges 
can result in stabilization of domain walls at pinning sites or accumulation of charges 
trapped at grain boundaries, thereby resulting in additional pinning.177 
The above observations are also consistent with the appearance of a new maximum 
in the post-irradiation εr-EDC curves for samples with Pt electrodes (Figure 4-6). The local 
maxima in εr-EDC curves correspond to the average switching DC fields. Therefore, the 
appearance of a new peak can be associated with the creation of a new family of defects or 
change of the energy of a subset of the defects already present in the samples. If the energy 
change in defects affected by radiation differs substantially from the pre-existing defects, 
the switching fields associated with the defects will also be different and will appear as a 
separate peak in the εr-EDC curves. Similarly, the pinching observed in the P-E loops 
(Figure 4-5) for samples with metallic electrodes – exacerbated after irradiation – is 
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consistent with pinning of internal interfaces and presence of oriented defect dipoles. 
Various defects, such as domain wall pinning due to diffusion of charged defects and 
alignment of dipolar defects, are typically associated with pinching of hysteresis loops in 
previous studies.62,178-182 It is also possible that irradiation locally disrupts polarization 
through the generation of electron-hole pairs. When these unbiased pairs equilibrate, the 
domain polarization randomly orients, leading to effects similar to those in aging of 
unpoled PZT.178 This proposed mechanism is further corroborated by the ESR data 
presented in Figure 4-8, at elevated levels of irradiation.175 The broadening of the ESR 
spectrum in irradiated PZT samples may indicate changes to oxygen vacancies already 
present in the system, where the gamma irradiation excites electrons that subsequently 
become trapped at these sites (	𝑖. 𝑒. 	𝑉2∙∙ → 𝑉2∙ ).
177 The singly charged 𝑉2∙  are known to be 
more mobile; therefore, their formation could lead to domain depolarization via strain-
driven reorientation, even if the charged state is short-lived.177 At longer time scales, these 
newly-reoriented defects can move towards the top electrode interface where they will play 
a particularly critical role on the functional properties of the PZT thin films studied here. 
However, as point defects, they are not strong enough to affect large-scale domain wall 
motion, as evidenced by the in situ XRD results.  
The overall electrode-dependence of the radiation-induced degradation suggests 
that the PZT-electrode hetero-interface is particularly susceptible to changes in the 
population and/or energy of defects that act as pinning sites. In general, any interface in 
the sample is likely to act as a pinning site and affect domain wall motion.37 The effect of 
the top electrode on the overall functional response of the ferroelectric material has been 
addressed by various hypotheses in the literature, including through movement and 
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ordering of defects at interfaces.63,64,72,73,163-165 Specifically, oxygen vacancies can become 
mobile and/or 𝑉2∙∙ − 𝑉{s00  defect dipoles reorient under a sufficiently-strong applied electric 
field, towards the ferroelectric-electrode interface. As oxygen vacancies accumulate and 
self-order at the interface, they pin domain wall motion, suppress nucleation, and inhibit 
polarization.72,165 Prior studies for ferroelectric capacitor and memory applications have 
reported a more closely matching work-function of PZT with oxide electrodes compared 
to metallic ones, resulting in improved conductivity at the interface and potential for 
oxygen vacancy migration and annihilation.169,183-185 For samples with oxide top 
electrodes, ion conduction and partial annihilation of defects results in reduced 
susceptibility of the ferroelectric to degradation-induced defect accumulation, domain wall 
pinning and polarization switching restriction. Conversely, samples with metal electrodes 
do not offer sites for healing of defects. Therefore, defect accumulation (and subsequent 
ordering) at the interface will be viable at lower total ionization doses, resulting in negative 
consequences on the ferroelectric and electromechanical responses of the samples.98 
In addition to degradation induced by defect ordering and accumulation, the 
presence or enlargement of ferroelectrically-inactive layers are pertinent here. The defect-
stimulated formation/enlargement of ferroelectric dead layers results in decreased ionic 
motion and thereby exacerbates defect accumulation and domain wall pinning near the 
interface.166-168 These ferroelectric dead layers will theoretically become increasingly more 
prevalent with compounding defect motion and accumulation stimulated, in this research, 
by irradiation. The deleterious effects of irradiation on the polarization response of samples 
with Pt electrodes supports the presence of a ferroelectric dead layer, characterized by non-
switchable regions near the interface.168 Incorporation of oxide electrodes has previously 
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shown increased fatigue resistance and superior ferroelectric switching behavior due to 
reduced defect formation in the PZT.166  
Finally, the difference in density and electron concentration between IrO2 and Pt 
must be considered: the greater density of metallic electrodes could lead to a radiation dose 
enhancement near the PZT-Pt electrode interface, further exacerbating the effects of 
oxygen vacancy ordering and aging.186 Based on available data from NIST, the mass 
energy attenuation coefficients (in units of cm2/g) for Pt metal, Ir metal, and lead glass are 
all within approximately 10% of each other for 1 MeV and 100 keV photons, respectively. 
However, since Pt is approximately twice as dense as IrO2 (21.5 vs. 11.7 g/cm3) and nearly 
three times as dense as PZT (7.5 g/cm3), one would estimate a significant dose 
enhancement in excess of 50% in the region beneath the Pt electrode as compared with the 
PZT covered by the IrO2 electrode.187,188 The greater total ionizing dose at the metal 
electrode-PZT interface may contribute to the greater radiation-induced degradation 
observed in devices with Pt electrodes. 
 
4.6 Conclusions 
PZT thin films with metallic Pt and metal-oxide IrO2 top electrodes were exposed 
to 2.5 Mrad (Si) 60Co gamma radiation. For material stacks with both types of electrodes, 
minimal changes in low-field relative permittivity (~1%), saturated polarization (< 5%), 
and electromechanical response (≤ 10%) were observed. However, irradiated samples with 
IrO2 electrodes showed substantially smaller changes of dielectric and electromechanical 
responses than those with Pt electrodes, suggesting that the hetero-interface between the 
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PZT thin film and electrode plays a critical role in either the radiation-material interaction 
or in the subsequent stages for reaching a new equilibrium. The degradation in response 
was associated with the deepening of the present defects’ potential energy wells that 
resulted in increased reversible contributions to the dielectric response and decreased 
motion of internal interfaces (e.g., domain walls, phase boundaries, etc.), as well as 
pinching of the polarization hysteresis loops and appearance of new peaks in the εr-EDC 
curves for platinized samples. Changes in the defect landscape are less damaging to the 
functional response of ferroelectric films and material stacks incorporating a metal-oxide 
top electrode, due to the closer match of the work function of the oxide vs. metal conductor 
with the ferroelectric, as well as the oxide nature of the IrO2, which allows for partial 
annihilation of oxygen defects at the film/conductor hetero-interface. These results suggest 
a promising avenue for creation of radiation-hard devices based on ferroelectric materials. 
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 The ability to tailor the performance of functional materials, such as 
semiconductors, via careful manipulation of defects has led to extraordinary advances in 
microelectronics. Functional metal oxides are no exception – protonic-defect-conducting 
oxides find use in solid oxide fuel cells (SOFCs) and oxygen-deficient high-temperature 
superconductors are poised for power transmission and magnetic imaging applications. 
Similarly, the advantageous functional responses in ferroelectric materials that make them 
attractive for use in microelectromechanical systems (MEMS), logic elements, and 
environmental energy harvesting, are derived from interactions of defects with other 
defects (such as domain walls) and with the lattice. Chemical doping has traditionally been 
employed to study the effects of defects in functional materials, but complications arising 
from compositional heterogeneity often make interpretation of results difficult. 
Alternatively, irradiation is a versatile means of evaluating defect interactions while 
avoiding the complexities of doping. Here, a generalized phenomenological model is 
developed to quantify defect interactions and compare material performance in functional 
oxides as a function of radiation dose. The model is demonstrated with historical data from 
literature on ferroelectrics, and expanded to functional materials for SOFCs, mixed ionic-
electronic conductors (MIECs), He-ion implantation, and superconductors. Experimental 





 Modification of the type, charge, concentration, spatial distribution, and mobility 
of defects in a material can result in dramatic effects on functionality.79 Semiconductor 
materials are a prime example, where strict control over defect type and density is used to 
modify electronic and optical properties,79,190 resulting in the design of devices that we use 
and interact with on a daily basis, from modern pn-junction transistors to photovoltaic (PV) 
cells and photoactive image sensors.190,191 Similar control in functional oxides is 
substantially more challenging to implement, where local charge balance and phase 
stability are intertwined with material functionality. For example, in high-temperature 
superconducting ceramics, localized material defects can interact with and pin magnetic 
vortices, thus enhancing superconducting properties.192 Strong interactions between 
oxygen-related defects in proton-conducting oxides result in crucial changes to conduction 
behavior for mixed ionic-electronic conductors (MIECs) and solid oxide fuel cells 
(SOFCs).193 In ferroelectric materials, defect interactions, such as those between domain 
walls (2D defects) and point defects (0D) are often the major contributor to substantial 
dielectric, ferroelectric and piezoelectric responses. Various methods have attempted to 
elucidate such interactions, both theoretically and empirically.194,195 In this work we 
demonstrate a universal approach for quantifying defect interactions in functional 
materials, and specifically ferroelectrics, without chemical doping, but rather achieved 
through total ionization dose (TID) studies. A phenomenological model is implemented for 
such quantification, with the ultimate goal of becoming a tool in defect engineering and 
functional response control of these oxides. The proposed model is successfully 
demonstrated for direct comparison of defect-defect interactions in a range of ferroelectric 
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compositions in both thin film and bulk form. Further applicability is demonstrated by 
fitting the model to data on functional materials for applications in solid oxide fuel cells 
(SOFC), mixed ionic-electronic conductors (MIECs), He-ion implantation, and 
superconducting oxides. Subsequently, the model is employed to compare the effects of 
grain structure on the interaction of domain walls with defects in polycrystalline lead 
zirconate titanate (PZT) thin films. 
 
5.3 Background 
 Since the inception of the transistor, defect engineering of semiconductor materials 
has undergone momentous advancements, leading to a continuous revolution in electronic 
devices. The transformative nature of precise defect control and design in these materials 
has resulted in an abundant manipulation of the resulting material functionalities, which 
has in turn allowed for vast reductions of length scales for resulting devices. Metal oxide 
materials offer a substantially wider range of functionalities, with many of them coexisting 
in the same material. However, these materials suffer from a greater degree of complexity 
that has hindered similar levels of control over impurity-driven properties.79,192 Inclusion 
of more than one elemental component, chemical instability, and diffusion often result in 
complex interactions of defects with oxides’ functional properties,134,192,196 making such 
material systems increasingly difficult to control and optimize, specifically in 
polycrystalline thin films.79 Such challenging control of defects in functional oxides has 
often translated into the notion that defects are deleterious to material functionalities.197 
This is particularly relevant in ferroelectric oxides, where defects are often considered to 
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be a source of degradation of dielectric, ferroelectric, and electromechanical responses.4 
Indeed, the elastic and electrical energies associated with defects can affect the motion of 
internal interfaces, such as hysteretic and nonlinearly-mobile domain walls and phase 
boundaries: i.e., the pinning energy for the motion of domain walls is defined by the local 
defects, resulting in elastic and electrical fields in the lattice.4,6,7 The mobility of these 
internal interfaces is largely responsible for the very large functional responses exhibited 
by ferroelectric materials, and the restriction thereof by defect interactions results in 
considerable degradation of functional properties.4,6,7,162 However, recent reports have 
demonstrated that the introduction of defects via ion bombardment in near-perfect single-
crystal ferroelectrics can, in fact, enhance ferroelectric properties.198 Likewise, defects in 
yttrium barium copper oxide (YBCO) can pin magnetic flux, resulting in increased 
supercurrent properties.192 As such, it is imperative to further develop methods for 
investigating and manipulating structure-property relationships wrought by defect 
interactions in complex functional oxides. 
 Traditionally, the effects of defect concentrations in functional materials are studied 
via impurity doping, an approach historically used for manipulation of material 
functionalities.82,83 For example, in PZT, acceptor dopants (e.g., Fe3+, Mn3+) create oxygen 
vacancies and defect dipoles which can pin domain wall motion, degrading 
electromechanical response, while reducing dielectric, dynamic mechanical, and 
piezoelectric losses in the material.84 Conversely, donor dopants (e.g., La3+, Nb5+) 
introduce excess positive charge, compensated by Pb vacancies, as well as reduced number 
of oxygen vacancies and defect dipoles in the material.81,84 Such reduction leads to 
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increased domain wall motion and results in greater electromechanical response, but also 
larger dielectric losses.81,84  
 A variety of work has been carried out to quantify interactions between defects and 
the resulting effects on the functional response of ferroelectrics. First and foremost, the 
Rayleigh analysis, originally introduced for ferromagnetic materials and adapted to 
ferroelectrics in late-1990s by Taylor and Damjanovic, is currently widely employed to 
quantify contributions of domain wall (2D defects) motion to dielectric responses in 
ferroelectric materials.31,195 However, while the Rayleigh analysis allows a quantification 
of the overall extrinsic contributions to the functional response, it does not directly quantify 
trends in functional response as a function of defect concentration. In the late 1980s, 
Kronmüller showed an approximately inverse proportionality between domain wall motion 
and defect concentration in ferromagnetic materials; Boser expanded this work to 
ferroelectric BaTiO3, demonstrating a similar inverse relationship between dielectric 
permittivity and dopant concentration.28,194 While the changes associated with dopant-
induced defects can be substantial, it is often difficult to distinguish whether changes to 
material properties are the result of the complex effects of compositional heterogeneity, 
defect interactions, or a combination of both. Manipulation and study of defect interactions 
via irradiation provides a method that forgoes chemical doping and its associated 
complications, e.g., due to phase separation and instabilities arising from chemical 
heterogeneity in the material.86 Radiation-induced ionization and displacement events can 
increase defect concentrations, causing changes in defect energy and potentially modifying 
functional responses of functional oxides.4,7,199 The ability to quantify these radiation-
induced defect concentrations and accurately predict material response as a function 
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thereof has enormous implications not only for ferroelectric materials, but also for defect 
engineering of a variety of other functional metal oxides,200 for applications ranging from 
multiferroic multistate memory devices and optoelectronics,201,202 to mixed ionic-
electronic conductors,193,203,204 superconductors,192,205 and even nuclear fusion materials 
and X-ray applications.206 
 
5.4 Phenomenological Model for Defect Interactions in Functional Oxides 
 Prior work on irradiation of functional materials has generally shown a direct 
correlation between radiation dose and degradation of functional properties.32,90-92,96,207-209 
Specifically, trapped charges and ionic displacements – activated or generated as a result 
of X-ray, gamma, electron, proton, neutron, and heavy-ion irradiation at intermediate and 
high doses – can result in degradation of functional responses through changes to defect 
concentration, defect interactions, and the defect energies in the material.32,40,97,100,198,199,210  
 Here, we present a phenomenological model to quantify such defect interactions by 
assuming that defects, either generated or activated in the material by irradiation, will 
eventually result in measurable changes to the overall material response. We consider 
active defect interactions to encompass both an interaction between a created/activated 
defect and functional material volume, as well as interaction between defects that result in 
modifications of extrinsic contributions to the functional response (such as domain wall 
motion in ferroelectric materials, proton-conducting perovskites, etc.).211 Such interactions 
will inevitably impact a given region of the material, defined here as the volume Vdef. 
Conversely, a “free” material volume is defined, Vfree, corresponding to regions where 
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defects are either not present or are present but do not result in measurable changes to the 
functional response. We further assume that the number of defects in an arbitrary volume 
of the sample, N, changes in proportion to radiation dose, thus allowing for correlation of 
degradation/enhancement of functional response to changes in Vdef from an easily-
quantifiable and manageable external “stimulus.” We can relate the change in Vdef to 
changes in the number of defects, N, as a function of: (1) the volume fraction of the material 
where defect interactions are free to occur: Vfree/VT, where VT is the total material volume; 







Equation (1) expresses the fact that the volume of material impacted by new defects is 
proportional to the fraction of free volume in a given material – larger free volume yields 
a greater volume influenced by a new defect, due to more free “sites” (Figure 5-1). 
However, the presence of internal interfaces and material nonlinearities, such as grain 
boundaries, pre-existing defects, chemical heterogeneity, etc., may result in deviations 
from the mean volume that a new defect will impact. Thus, we introduce a generalized 
weighting function, W(N) to account for material-specific fluctuations to the actual volume 
impacted by each new defect created/activated, VN, and the resulting modifications of 
extrinsic contributions to the functional response. The weighting function is also expected 
to depend on the number of defects created/activated, N, which is proportional to the 








Using the relationship that accounts for the total interrogated volume: 
 𝑉X_| + 𝑉|,__ = 𝑉. 5-3 
we can substitute for the free volume, Vfree, arriving at  
 
𝑑𝑉X_|
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This expression is difficult to solve analytically without further simplification. We thus 
convert the expression for volume fraction to a normalized volume, thus eliminating the 
variable VT and constraining the normalized volume impacted by active defect interactions, 





𝑉X ∈ [0,1] 
5-5 
Substituting this result into Expression (5-4) requires multiplying the left-most part by V-




𝑑𝑁 = 	𝑉~𝑊 𝑁 1 − 𝑉X  
5-6 
Dividing VT to the right-hand side of (S6) allows for normalization of the mean change in 






𝑊 𝑁 1 − 𝑉X  5-7 
The constant VN is normalized per total volume VT, yielding φN, the normalized mean 
change in material volume impacted by defect interactions per new defect 
created/activated. The result is  
 
𝑑𝑉X
𝑑𝑁 = 	𝜑~𝑊 𝑁 1 − 𝑉X  
5-8 
Separation of variables and integration results in: 
 𝑉X = 1 − 𝑒r(  ~ X~ 5-9 
Given the large dependence of the functional properties on the extrinsic contributions, we 
can expect the changes in functional response as a function of TID to be directly dependent 
on the material volume affected by defect-defect interactions. The resulting relationship is 
a generalized form that can be applied to a variety of functional materials that rely on 
active/inactive defects within the material volume to drive their functional 
properties.192,193,198 We note that similar expressions have been previously derived for 
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defect motion and interactions in various semiconductor and insulator materials, including 
Si, SiO2, and graphene.208,209,212 Additionally, Equation 5-9 bears resemblance to the 
sigmoid function used to describe phase transition behavior in solids from the Johnson-
Mehl-Avrami-Kolmogorov equation.213 
 
Figure 5-1 Schematic 2D simplification of 3D samples, illustrating the relationship 
between material volume, volume affected by defects, and the effects of new defects. 
a) Shown is a single grain with three domains, separated by two domain walls. Free 
material volume is shown in white, pre-existing defects and the volume they affect in 
red, and a newly-introduced defect in blue. A larger free volume results in greater 
mean volume pinned by the new defect. (b, c) With increasing number of pre-existing 
defects (d) the volume pinned per new defect is reduced. Furthermore, the weighting 
function is employed to account for nonlinear defect interactions, such as those 
between defects and domain walls shown in green in (a) and (b). As available sites for 
new defects to impact domain walls are reduced with greater numbers of pre-existing 
defects, the weight of new-defect impact on free material volume is modified. The 
available domain wall area for interactions with new defects is highlighted in yellow. 
 To further develop Expression 5-9, a knowledge of the weighting function is 
needed. The proposed expression that relates material nonlinearities to the magnitude of 
material volume impacted by a new defect (either created or activated by irradiation), thus 
resulting in modification of the functional response is:  





where k is a fitting coefficient related to the rate of defect saturation in the material, which 
is discussed hereafter. We note that the proposed weighting function is consistent with prior 
work in both ferroelectric and ferromagnetic materials, for defect interactions between 
domain walls and chemically-induced (dopant) point defects. Kronmüller originally 
demonstrated an N-1 relationship for degradation of domain wall motion in multiaxial 
ferromagnetic crystals as a function of density of point defects.28 Boser expanded this work 
to ferroelectric BaTiO3, showing an inverse (N-1) relationship of the irreversible Rayleigh 
parameter (a measure of domain wall mobility) on defect concentration as a result of Fe 
doping.194  
 Compared to the above work, we introduce an effective, fitted coefficient, k, in 
order to account for more complex material variations, which implies, for ferroelectric 
materials, domain size and orientation, grain boundary density and morphology, the effects 
of defect-influenced volumes on neighboring regions, number of defects necessary to 
modify response in a given volume, etc. Thus, k encompasses the variety of inherent 
material effects that will lead to deviations from an exact N-1 relationship of new defects 
contributing to response-altering defect interactions in a given discrete ferroelectric 
material volume. Furthermore, while Boser and Kronmüller demonstrated N-1 
dependencies of domain wall motion on defect concentrations, thus implying only 
degradation of properties, previous work on chemical doping as well as recent radiation 
work by Saremi et al., has shown enhancements to functional properties of ferroelectric 
materials, suggesting that deviations from a perfectly inverse decay are possible.171,198 
Thus, the use of the effective parameter k offers relative flexibility regarding material 
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behavior as a function of the number of defects (and specifically, TID). Inserting the 
weighting function into Equation 5-9, and solving, we arrive at a functional form: 
 𝑉X,|F^ = 1 − 𝑒
r(
(
  5-11 
 For example, using the above expression, a virgin ferroelectric sample with no 
defects introduced by radiation (N = 0) yields Vd,func = 0, meaning that the functional 
material volume affected by newly-created defect interactions is zero in the pristine, virgin 
state. This model can be used to study the degradation trend data as a function of radiation 
dose or other external “stimulus” (dopant concentration, for example) that changes the 
number of defects per arbitrary volume (concentration, assumed proportional to external 
“stimulus”). We observe that while newly-created or -activated defects are assumed to 
interact with a constant volume, φN, this parameter does not account for factors such as 
proximity to pre-existing defects or material anisotropy, etc. The effective rate of 
saturation, k, is able to account for these deviations from linear degradation of response. 
This effect is typically observed as an asymptotic trend in the response, where 
subsequently-formed defects result in reduced contributions to the overall change in 
response.  
 To correlate the above expression with the functional response of the material, we 
again consider the specific case of ferroelectric materials. The major contributor to the 
reduced functional response in irradiated ferroelectric materials has been shown to be 
degradation of the extrinsic response, i.e. increase in defect interactions with ferroelectric 
material volume through increased pinning of the domain walls by radiation-induced 
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defects.32 We note that active defect interactions resulting in measurable changes to 
material response do not necessarily pin all functional response, but “pinned volume” is 
used hereafter to refer to volumes of the material in which defect interactions produce 
quantifiable changes in functional response.  
 If exposure to radiation results in defect creation, which translates into degradation 
of the functional properties, such degradation can be measured as a function of TID (where 
degradation is plotted as a positive value) (Figure 5-2). Hence, φN is positive for a 
degradation trend, and thus results in positive values of pinned volume, Vd,func, when 
substituted into Equation (5-11). Conversely, a negative value for φN represents an 
enhancement of response (due to an effective “reduction” of pinned volume. A flat 
degradation curve would correspond to φN = 0, indicating no decay in properties due to 
irradiation. A larger magnitude of φN  signifies a greater interaction of the radiation-induced 
defects with the material, and increased degradation/enhancement of the functional 
properties. Therefore, φN can generally be considered as the global susceptibility of the 
material to radiation-induced defects. 
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Figure 5-2 Application of the proposed model to previously-reported total ionizing 
dose (TID) studies in ferroelectrics and to dopant/radiation studies on various 
functional materials. (a) The effects of gamma, X-ray, and proton irradiation on the 
dielectric permittivity of various bulk and thin film ferroelectrics are shown. Data in 
gray/black shows gamma dose rate studies.106 Blue symbols indicate degradation of 
the dielectric permittivity at positive and negative coercive voltages for PZT and lead 
titanate.102 Green symbols show experiments on bulk ferroelectrics performed.107 X-
ray and proton irradiation of PZT shown in orange and yellow symbols, 
respectively.97 (b) Indium doping in BaCe0.7InxY0.3-xO3-δ at different atmospheric 
conditions.204 (c) He-ion implantation in epitaxial perovskite PbTiO3 films.198 (d) O- 
and As-ion irradiation of superconducting yttrium barium copper oxide (YBCO).199 
(e) Fe2O3 doping of ferroelectric lead zirconate titanate (PZT).80 All data reproduced 
with permission. 
 We further note that both the φN and k parameters can be highly dependent on the 
specific microstructure, grain morphology, existing defects and charge, etc. In order to 
demonstrate the viability of the proposed model and weighting function to study radiation-
induced defect interactions and defect engineering of functional oxides, we apply the model 
to prior literature reports on the effects of various types of radiation on multiple functional 
materials. Figure 5-2a shows the applicability of the proposed model to degradation of the 
dielectric permittivity in a range of ferroelectric materials exposed to irradiation under 
various measurement conditions.97,102,106,107 The φN and k fitting parameters for the data are 
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reported in detail in Table 5-5 to Table 5-10. We note that the model is therefore applicable 
to a variety of radiation types – both ionizing (e.g., gamma, X-ray) and heavy particles 
(e.g., protons, neutrons) – as well as multiple functional properties, including dielectric, 
polarization, and electromechanical responses, as demonstrated in Figure 5-7 to Figure 
5-12. The model is further expanded to include a broader class of defects in functional 
materials, demonstrating extensive applicability to doped barium cerate proton conductors 
for use in solid oxide fuel cells (SOFCs) (Figure 5-2b),204 He2+-ion implantation in epitaxial 
perovskite lead titanate (Figure 5-2c),198 and heavy ion irradiation/implantation of yttrium 
barium copper oxide (YBCO) high-temperature superconductors (Figure 5-2d).199 The 
model is also applicable for defect generation via chemical doping, as shown for examples 
of various impurity-doped ferroelectric ceramics (Figure 5-2e, Figure 5-13, and Figure 
5-14, Table 5-11 and Table 5-12)80,214 and X-ray synchrotron characterization of functional 
metal oxide memory cells (Figure 5-18).210 
 We note that the use of this phenomenological model allows for a quantitative 
comparison of the effects of various irradiation experiments on the materials’ properties. 
For example, as evident by the qualitative data trends, the large degradation in the 
properties of PZT thin films exposed to X-ray and proton radiation translates into greater 
effective pinning of ferroelectric material volume, φN, compared to those exposed to 
gamma irradiation (Figure 5-2, Table 5-5 to Table 5-10). The result is a potentially greater 
number of radiation-induced defects that lead to increased pinning of material volume in 
X-ray-irradiated samples (compared to gamma), reflected by the greater material volume 
affected by defect-defect interactions, φN (Table 5-9). Further discussion of linear energy 
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transfer (LET) of various radiation types and its relation to defect generation/activation is 
available in Section 5.8 (Supplementary Information). 
 It is also interesting to note that the bulk ferroelectric samples’ dielectric 
permittivity is more susceptible to gamma radiation exposure than thin film ferroelectric 
samples. We note that both end members of lead zirconate titanate solid solution are studied 
in the bulk form, and therefore the effects of Zr:Ti ratio (relative to other ferroelectric 
compositions) might be minimal. However, in general, the bulk ceramics show a larger 
value of φN (Table 5-8) than the thin films exposed to  gamma-rays. Additionally, the 
values of k for gamma-irradiated bulk samples are among the highest shown in Figure 5-2a, 
with the exception of the work from Zhang et al.106 The average grain size in 
polycrystalline thin films is typically smaller than in bulk ceramics (50-150 nm in thin 
films, compared to micron-sized grains in bulk ceramics), thereby increasing both grain 
and domain density in thin films.38 The extent of pinning of newly-created/activated defect 
centers in samples with smaller grains/domains is potentially more contained than in 
samples with larger grains, i.e. smaller morphological features enact physical constraints 
on growth of defect-pinned regions. In other words, in bulk ferroelectrics with larger areas 
of (nearly) homogenous crystallinity, newly-formed defects may result in greater 
interactions and longer range effects on domain wall motion (Figure 5-1b and Figure 5-1c). 
Thus, in bulk samples with larger grains, not only should the volume pinned per new defect 
be greater, but saturation of response degradation should occur more quickly, as new 
defects are free to affect a larger volume without “containment” by grain boundaries. 
 Additionally, Daniels et al. have previously shown minimization of electrostatic 
potentials at grain boundaries in ferroelectric materials due to interactions of domains at 
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the same locations.215 In irradiated ferroelectrics, such minimization could potentially 
reduce the deleterious effects on functional properties caused by radiation-generated 
charged defects. In polycrystalline samples with smaller grains and higher grain boundary 
density, this effect is enhanced relative to bulk samples with larger grains, and trends of 
milder degradation are observed. Namely, the mean volume pinned per new defect can be 
reduced, as charged defects are annihilated or compensated at the grain boundaries. 
 The above data support the fact that microstructural features play a critical role in 
defect interactions in ferroelectrics. To further elucidate this observation, in the following 
section we compare the effects of gamma radiation on polycrystalline PZT films with 
columnar and equiaxed grains.  
 
5.5 Case Study: Effect of Microstructure on Defect Interactions in Ferroelectric 
Thin Films 
 PZT thin films with columnar and equiaxed grain structures were fabricated via 
chemical solution deposition (CSD) and exposed to 60Co gamma radiation, from 0.2 to 10 
Mrad, at a dose rate of approximately 600 rad(Si) s-1. Measurements to probe the low-field 
relative dielectric permittivity (er) as well as the remanent and saturated converse, effective, 
longitudinal piezoelectric responses (d33,f,remanent and d33,f,saturation, respectively) were 
performed before and, at discrete dose intervals, after irradiation. Scanning electron 
microscopy (SEM), transmission electron microscopy (TEM), and transmission Kikuchi 
diffraction (TKD) were carried out (Figure 5-3) to observe and quantify grain orientation 
and size statistically (Table 5-2). Interpretation of the TKD results indicates primarily 100-
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texture in samples with columnar grains (Figure 5-3c), while the samples with equiaxed 
grains are more randomly oriented, i.e. weaker texture (Figure 5-3f). The degradation 
trends for dielectric permittivity, εr, and effective longitudinal piezoelectric coefficient, 
d33,f, as a function of TID, as well as the corresponding phenomenological models for the 
defect-defect interactions they represent are shown in Figure 5-4. The corresponding fitting 
parameters φN and k are reported in Table 5-1; full data sets are available in Table 5-3 and 
Table 5-4. 
 
Figure 5-3 Microstructural characterization of PZT thin films with columnar and 
equiaxed grains. (a, d) SEM, (b, e) TEM, and (c, f) TKD cross-sectional images of 
columnar-grained films (a, b, c) processed using 2-methoxyethanol-based precursor 
PZT solution, and equiaxed-grained films (d, e, f) prepared using a methanol-based 
inverted mixing order PZT precursor solution. Note that the crystallographic poles 




Table 5-1 Extracted parameters from application of phenomenological model to TID 
studies. Shown are dielectric permittivity and effective longitudinal piezoelectric 
response in gamma-irradiated PZT thin films. Data is extracted by fitting Equation 
(5-11) to percent change of given functional response measurement vs. radiation dose. 
Note that values of φN are multiplied by three orders of magnitude to make 
interpretation more manageable. 
 Columnar Equiaxed 
 φN × 103 k φN × 103 k 
ε
r 19 0.48 26 0.79 
d
33,f, remanent
 185 0.66 142 0.77 
d
33,f, saturation
 7 0.60 1 0.62 
 A comparison of the TID trend quantification for dielectric and electromechanical 
responses shows that the values for the change in volume pinned per defect, φN, are 
comparable (same order of magnitude) for individual measurements on samples with 
columnar and equiaxed grains. However, focusing on response-specific trends, large 
effective volume pinned is observed for measurements of εr and d33,f,remanent in both samples, 
while φN of d33,f,saturation is somewhat negligible comparatively, for both samples. We note 
that the saturation values are measured under high DC electric fields, while the remanent 
values and the dielectric permittivity are measured under zero DC bias and low AC electric 
fields. The observed trend in φN, therefore, suggests that defects activated via gamma 
irradiation are likely of relatively low energy. That is, at the low applied electric field used 
to measure remanent response, the pinning strength of the defects is sufficient to result in 
large degradation of functional properties. At the elevated applied electric field used to 
measure saturated electromechanical response (250 kV cm-1 DC bias), the drive for domain 
wall motion exceeds that of the defect, and the degradation of functional response is, at 
least partially, overcome, even at higher TID levels. Indeed, the values of φN for d33,f,saturation 
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measurements, are very similar to those extracted from work by Gao et al., for 
measurements of dielectric permittivity of irradiated PZT thin films with an applied 133 
kV cm-1 DC bias.216 The implication that applied electric field potentially negates the 
deleterious effects of defects created by gamma irradiation is not new. However, the ability 
to quantify and compare high- and low-field degradation behavior of ferroelectrics with 
distinct morphologies across a range of radiation doses is particularly advantageous for 
tailoring material response to meet a variety of distinct operational requirements. 
 
Figure 5-4 Application of the proposed model (curves) to experimental data from PZT 
thin films with columnar and equiaxed grain structure. (a) Plots of relative, low-field 
dielectric permittivity, and (b) saturation and remanent piezoelectric as a function of 
radiation dose,217 and the fitted model to each data set. Error bars show standard 
error of the sample mean. Fitted parameters are detailed in Table 5-1. 
 Interestingly, the effective rate of defect saturation, k, is consistently greater for 
samples with equiaxed grains than those with columnar grains. Claeys and Simoen have 
previously suggested that defects created or activated in functional materials by exposure 
to ionizing radiation are proportional to the surface area of grain boundaries with which 
they interact.218,219 A variety of reports on irradiation of functional oxide materials have 
shown increased radiation hardness for materials with increasingly small grain structures, 
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and thus, higher grain boundary density.220,221 The samples with columnar grains in this 
work have a smaller volume than the samples with equiaxed grains, and a surface-area-to-
volume ratio that is more than twice as large (Table 5-2). Increased grain boundary density 
yields a greater number of sites for defect accumulation, acting as effective defect “sinks,” 
and potentially reducing their deleterious effects on functional response. The result is a 
slower rate of saturation of response degradation, as the effects of a portion of newly-
formed defects are neutralized by the grain boundaries. Furthermore, the smaller grains and 
greater surface-area-to-volume ratio for columnar-grained samples may translate to better 
“compartmentalization” of functional material volume, thus limiting the effects of newly-
created defects to smaller ferroelectric material volumes, and reducing the rate of defect 
saturation. These effects are both emphasized for samples with columnar grains, where k 
is observed to be closer to zero (linear decay), and is especially apparent in the decay of 
dielectric permittivity (k = 0.48) (Figure 5-4a). Also noteworthy is the fact that the mean 
value of k for equiaxed samples (k = 0.73 ± 0.09) is in close agreement with the work by 
Kronmüller and Boser, as well as prior work published on irradiation of ferroelectrics, as 
discussed previously.28,194  
 
5.6 Conclusions 
 In summary, we have demonstrated a phenomenological model for quantification 
of the effects of defect interactions in functional materials. While we have specifically 
demonstrated applicability to ferroelectric thin films to study the effects of microstructure 
on defect interactions with the material, the model presented is adaptable to a multitude of 
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functional materials, i.e., wherever the functional response is derived from and/or is 
affected by some degree of defect interactions. We have further displayed the proposed 
model’s versatility by comparing data from the literature not only on bulk and thin film 
ferroelectrics, but also on a variety of functional oxides, including doped barium cerate for 
SOFCs, He2+-ion implanted epitaxial perovskite lead titanate, and heavy ion-bombarded 
superconducting YBCO. Furthermore, we show that irradiation of materials can be a strong 
alternative approach to chemical doping, due to the relative simplicity and favorable 
additive nature of radiation dose experiments. Correlation of materials’ properties to 
radiation dose allows for careful, on-demand modifications to properties and the ability to 
tailor functional response to the intended application. Ideally, the demonstrated method for 
quantification of defect interactions will stimulate further advances in defect engineering 
of functional materials. Studies on various grain morphologies, preferred crystallographic 
orientation, radiation types, measurement conditions, etc., will offer further application and 
refinement of the model proposed here. However, more important are the implications of 
radiation studies for direct evaluation and quantification of defect-defect interactions in 
functional materials without the complicated effects of chemical doping. The resulting 
theoretical and empirical knowledge regarding defect interactions encourages methods for 
defect engineering of a broad class of functional metal oxide materials. 
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5.7 Experimental Methods 
5.7.1 PZT Thin Film Preparation 
 PbZr0.52Ti0.48O3 (PZT) thin films were fabricated at the US Army Research 
Laboratory using 150 mm-diameter 100-silicon wafers consisting of 100 nm Pt/35 nm 
TiO2/500 nm SiO2/Si.132 A seed layer of PbTiO3 was deposited to induce 001-texture of 
the PZT thin films.131 Two separate PZT sol-gel solutions were prepared, one via a 2-
methoxyethanol (2-MOE) route at the US Army Research Laboratory, and the other using 
a methanol-based inverted mixing order (IMO) process at Sandia National 
Laboratories.110,131 Both 2-MOE-based and IMO solutions were deposited via chemical 
solution deposition, resulting in films with thicknesses of 500 ± 14 nm. IrO2 top electrodes 
were selected for continuity with prior work;32 100 nm thick electrodes were sputter-
deposited onto the wafer at 500 °C and processed with a post-deposition anneal at 650 °C 
in flowing O2 for 30 min. The top electrode and PZT layer were patterned using argon ion 
milling and a series of additional metallization steps to create interconnects to device 
structures. This general process is outlined elsewhere.100  
 
5.7.2 Irradiation 
 The fabricated samples were exposed to radiation from a 60Co gamma source at 
doses ranging from 0.2 to 10 Mrad (equivalent Si dose) at a dose rate of approximately 600 
rad(Si) s-1 at the US Naval Research Laboratory. All electrodes were left floating during 
radiation exposure. 
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5.7.3 Functional Response Characterization 
 Dielectric, polarization, and electromechanical responses of the samples were fully 
characterized at Georgia Institute of Technology both before and after irradiation, 
including measurements of low-field permittivity and DC electric field-dependent 
piezoelectric response, followed by irradiation and repetition of all experiments. A detailed 
summary of these measurements for samples with both columnar and equiaxed grain 
structures as a function of radiation dose is shown in Table 5-14 and Table 5-15. A 600 
second poling step at 10 V, approximately five times the coercive voltage, VC, was 
performed directly before the electromechanical measurements in both pre- and post-
irradiation measurement sets in order to eliminate anisotropic polarization contributions to 
electromechanical response. All measurements were performed on the same 
sample/electrode both before and after irradiation in order to monitor precise changes in 
response behavior. Low-field dielectric permittivity (εr) measurements were conducted at 
100 mV and 1 kHz using an Agilent 4284A precision LCR meter. Measurements of the 
converse, effective longitudinal piezoelectric response (d33,f) were performed on an 
aixACCT double beam laser interferometer (DBLI) measurement system up to 300 kV cm-
1 DC bias with an overlapping AC signal VAC ≈ 0.5VC. All measurements reported are 
subject to experimental error up to 3-5%, due to sample variability. 
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5.7.4 SEM/TEM/TKD Analysis 
 Cross-sectional scanning electron microscopy (SEM), transmission electron 
microscopy (TEM), and transmission Kikuchi diffraction (TKD) (Figure 5-3) were 
performed at North Carolina State University (NC State). Samples were sputter coated with 
a 20 nm-thick Au layer to increase sample conductivity during SEM imaging. Cross-
sectional characterization was performed using an FEI Verios field-emission scanning 
electron microscope.  
 Before milling the samples under focused ion beam (FIB) for TEM and TKD, they 
were sputter coated with a 20 nm-thick Au layer to increase sample conductivity and to 
avoid drift. A 3 µm-thick Pt layer was deposited under FEI Quanta 3D FEG to protect the 
sample surface from electron and ion damage. Cross-sectional TKD samples were prepared 
under FEI Quanta 3D FEG using both electron and ion beam guns (SEM/FIB). TEM 
imaging was performed on the FIB samples using a JEOL 2000-FX scanning transmission 
electron microscope. Using an Oxford Instruments NordlysNano electron backscatter 
diffraction (EBSD) detector, Kikuchi diffraction patterns were mapped out under 30 kV 
with Oxford Instruments Aztec software. TKD data was processed using the HKL 
CHANNEL5 program Tango. 
 
5.7.5 Crystallographic Phase Analysis 
 Crystallographic phase analysis was performed to confirm the texture of PZT 
samples prepared via 2-methoxyethanol-based (2-MOE) and acetic acid-based inverted 
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mixing order (IMO) chemical solution deposition (CSD) processes (see Experimental 
Section). Figure 5-5 shows baseline X-ray diffraction (XRD) phase analysis of the films 
deposited using 2-MOE-based and IMO-prepared solutions, and the resulting columnar 
and equiaxed grain morphologies, respectively.  
 Noteworthy are the large 100- and 200-textures in the columnar sample, indicating 
highly-textured samples; and the relatively large 101-peak in the equiaxed sample 
compared to the 100- and 200-peaks, indicating their more equiaxial nature and random 
orientation. 
 
Figure 5-5 X-ray diffraction crystallographic phase analysis comparing 
representative samples with columnar (top) and equiaxed (bottom) grain structures 
prepared using 2-MOE and IMO PZT solutions, respectively. Note the large relative 
intensity of the 100-peak for samples with columnar grains while the opposite 
behavior for the 101-peak is found for samples with equiaxed structure. 
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5.7.6 TEM/TKD Statistical Analysis 
 Cross-sectional transmission electron microscopy (TEM) and transmission Kikuchi 
diffraction (TKD) were performed at North Carolina State University (NC State) to observe 
domain and grain structure in the samples (Figure 5-3b, Figure 5-3e). The regions of 
mottled contrast, primarily visible in the sample with columnar grains (Figure 5-3b), 
indicate potential nanodomains or striated 90° domain walls.222,223  
 TKD and TEM images were analyzed to calculate statistical values of several grain 
size characteristics, including mean in-plane grain size, mean out-of-plane grain height, 
and mean size of multi-grain regions of similar dimension (Table 5-2). These statistics aid 
in analysis of samples with columnar vs. equiaxed grains. 
Table 5-2 Statistical size measurements for samples with columnar and equiaxed 
grain structures, based on measurements of mean grain height and width (in-plane 
size). Columnar grains are assumed to be cylindrical, with the axis normal to the 
substrate, while equiaxed grains are assumed to be ellipsoidal, with the longest axis 





















(cylindrical) 391 ± 220 66 ± 27 8.8 ´ 10
-10 1.3 ´ 10-15 6.8 ´ 105 1.2 ´ 105 
Equiaxed 
(ellipsoidal) 215 ± 109 177 ± 160 11.3 ´ 10




5.7.7 Functional Response Characterization 
Dielectric, polarization, and electromechanical responses of the samples were fully 
characterized at Georgia Institute of Technology both before and after irradiation, 
including measurements of low-field permittivity and DC electric field-dependent 
electromechanical response, followed by irradiation and repetition of experiments (see 
Experimental Section). A summary of these measurements for samples with both columnar 
and equiaxed grain structures as a function of radiation dose is shown in Table 5-3. A 600 
second poling step at 10 V, approximately five times the coercive voltage, VC, was 
performed directly before the electromechanical measurements in both pre- and post-
irradiation measurement sets in order to eliminate anisotropic polarization contributions to 
the electromechanical response. All measurements were performed on the same 
sample/electrode both before and after irradiation in order to monitor precise changes in 
response behavior. Low-field dielectric permittivity (εr) measurements were conducted at 
100 mV and 1 kHz using an Agilent 4284A precision LCR meter. Measurements of the 
converse, effective longitudinal piezoelectric response (d33,f) were performed on an 
aixACCT double beam laser interferometer (DBLI) measurement system up to 300 kV cm-
1 DC bias with an overlapping AC signal VAC ≈ 0.5 VC. All measurements reported are 
subject to experimental error up to 3-5%, due to sample variability.  
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Table 5-3 Measured dielectric, polarization, and electromechanical responses at 
increasing radiation doses, for PZT thin films with columnar and equiaxed grain 
structures. Percent change is measured from 0 to 10 Mrad radiation exposure. 
Uncertainties expressed represent standard error from the mean to one significant 
figure. Measurement values are reported to the same decimal place as uncertainty for 
said measurement.172 
 Dose (Mrad) Virgin 0.2 0.5 1.0 2.0 5.0 10.0 
ε
r 
Col 1222 ± 6 1297 ± 10 1229 ± 4 1208 ± 4 1188 ± 3 1127 ± 4 1083 ± 2 




Col 34 ± 4 28 ± 1 25 ± 1 22 ± 1 23 ± 2 24 ± 6 7 ± 2 




Col 79 ± 2 76 ± 1 75 ± 0 76 ± 3 78 ± 1 76 ± 1 77 ± 2 
Eqx 68 ± 3 64 ± 1 63 ± 1 64 ± 1 59 ± 2 64 ± 1 64 ± 6 
From the data inTable 5-3, degradation trends were extracted by calculating the percent 
change in response from the virgin control sample. This data has been tabulated in Table 
5-4. 
Table 5-4 Mean percent change in measured dielectric, polarization, and 
electromechanical responses as a function of radiation dose, relative to virgin control 
sample, for PZT thin films with columnar and equiaxed grain structures. Negative 
numbers represent a degradation of response. All measurements are subject to a 3 to 
5% standard measurement error. 
 Dose (Mrad) Virgin 0.2 0.5 1.0 2.0 5.0 10.0 
 % Change % % % % % % % 
ε
r 
Col -1 4 0 -2 -4 -9 -13 




Col -31 -26 -42 -44 -46 -45 -83 




Col 0 0 -2 -2 -2 -3 -5 
Eqx 1 -7 -7 1 0 3 0 
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5.7.8 Electron-Hole Pairs Generated by Gamma Irradiation 
 Exposure to gamma radiation results in the formation of electron-hole pairs (ehp) 
in ferroelectric PZT. Work by Leray et al., showed that radiation dose in PZT is 1.23 times 
that of the dose felt in Si, i.e., 1 Mrad(Si) = 1.23 Mrad (PZT).101 Using a mean density of 
PZT as 7.6 g cm-3 and 100 rad = 1 Gy = 1 J kG-1 we can calculate the total energy deposited: 
𝐸𝑛𝑒𝑟𝑔𝑦	𝐷𝑒𝑝𝑜𝑠𝑖𝑡𝑒𝑑 = 5.84×10VI	𝑒𝑉	𝑐𝑚r	𝑀𝑟𝑎𝑑(𝑆𝑖)rj 
Using 6.25 eV as the mean energy per ehp, we arrive at  
𝑁𝑢𝑚𝑏𝑒𝑟	𝑜𝑓	𝑒ℎ𝑝 = 9.34×10jI	𝑒ℎ𝑝	𝑐𝑚r	𝑀𝑟𝑎𝑑(𝑆𝑖)rj 
We can apply this result to calculate the number of ehp per grain. Assuming that columnar 
grains are roughly cylindrical (with axis normal to substrate), and equiaxed grains are 
ellipsoidal (with a = grain height and b = c = in-plane grain size), we can calculate the 
number of ehp per grain from data extracted from Figure 5-3. Table 5-2 shows these 
calculations and resulting number of ehp per grain—the results indicate that over twice as 
many ehp are generated per equiaxed grain compared to columnar grains (3.5 ´ 105 
ehp/equiaxed vs. 1.4 ´ 105 ehp/columnar).  
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5.8 Supplementary Information 
5.8.1 Ferroelectric-Specific Defect Interactions 
 Generally, radiation interacts with a material by causing either ionization or 
displacement events. Lower-energy sources – e.g., X-rays and gamma rays – transfer 
energy to a material via electron interactions, ionizing the material with which they interact 
to form electron-hole pairs, and at higher energies, vacancy-interstitial pairs.87,88 Irradiation 
with massive particles, such as protons and neutrons, transfers energy to a material through 
both electron interactions, as described previously, and atomic interactions, potentially 
resulting in displacement of atoms (vacancy-interstitial pairs) and subsequent defect 
cascades.89 
 In a ferroelectric material, radiation-induced ionization and displacement events 
can potentially increase the stable defect concentrations, including the trapping of charges 
at preexisting defects, thus modifying the energy associated with such defects’ energy, their 
mobility, and other forms of interaction with the material. Prior work on the effects of 
radiation on ferroelectric materials has shown a direct correlation between total radiation 
dose and degradation of functional properties.32,90,92-96 Specifically, trapped charges 
generated as a result of X-ray, proton, gamma and neutron irradiation can result in 
degradation of polarization, dielectric, and electromechanical response, primarily through 
changes to the energies of defects of the ferroelectric material.32,40,97,98,100 In addition to 
ionizing energy transfer to the material, high-energy electrons and massive energetic 
particles (protons, neutrons, alpha-particles, etc.) also transfer energy via nuclear 
interactions that lead to direct atomic displacement. These radiation-induced displacements 
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may degrade the functional ferroelectric response in a fashion that is qualitatively similar 
to that of ionization-related defects (especially for point defects like Frenkel pairs) or may 
give rise to unique degradation modes in the case of multi-atom defects (defect clusters) 
that span over larger volumes. Ultimately, radiation-induced modification of functional 
response in ferroelectrics is the result of changes in defect concentration and energy in the 
material. Therefore, irradiation can be leveraged as a method for controlled introduction 
and/or activation of defects in these material, thus modifying material properties and 
functional response, to meet the needs of a variety of applications. Such methods stand to 
benefit from robust quantification and phenomenological modeling to more adequately and 
conveniently compare material performance as a function of radiation. 
 
5.8.2 Specifics of Fitting the Model to Data 
 The derivation of the phenomenological model describing radiation-induced defect 
interactions, as described above, results in the final functional form describing the 
normalized volume of functional material affected by stimulated defect interactions: 
 𝑉X,|F^ = 1 − 𝑒
r(
(
  5-11 
We can then use this to fit the degradation trend data and extract the φN and k parameters. 
Figure 5-6 shows the effects of arbitrary changes to the φN and k parameters as a function 
of a given radiation dose. It is worth noting that fittings are done to the decimal value of 
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degradation in response, e.g., for 5% degradation, a value of 0.05 is used for the fitting. 
Additionally, degradation is assumed to be positive, as it is the result of increases to the 
volume impacted by defect interactions. The result in Equation 5-11 is robust and capable 
of fitting both degradation and enhancement data. This derivation assumes that the 
degradation trend data begins at zero change in response for zero defects/radiation dose. 
Realistically, materials contain inherent defects prior to irradiation. However, given the 
nature of percent changes in measured response of control samples, degradation trend data 
should conceivably show minimal change at zero exposure to radiation.  
 
Figure 5-6 Representative plots showing the effects of changes to the effective volume 
impacted by defect interactions, φN, and the effective rate of defect saturation, k, for 
degradation of an arbitrary response parameter. (a) shows changes to φN while 
holding k constant, and (b) shows the effects of changing k, while holding φN constant. 
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5.8.3 Application of Phenomenological Model to Literature Data 
 We apply the phenomenological model developed in this work to data reported in 
the literature from X-ray, gamma, proton, and neutron irradiation studies of various 
ferroelectric materials, both in thin films and bulk forms.40,92,97,102,106,107,216 The results of 
fitting the model are tabulated in Table 5-5 to Table 5-10, and results from individual 
studies are also shown in Figure 5-7 to Figure 5-12. Notably, by comparing the values of 
φN within individual publication data from the literature, the phenomenological model is 
able to consistently and accurately reflect the conclusions of the authors when studying a 
variety of processing and measurement conditions, including dose rate, bias conditions, 
and different radiation types. We have also applied the model to the results of chemical 
doping in various ferroelectric materials (Table 5-11 and Table 5-12, Figure 5-13 and 
Figure 5-14),80,214 as well as ion irradiation of yttrium barium copper oxide (YBCO) 
superconductors (Table 5-13, Figure 5-15), He2+-ion implantation of epitaxial ferroelectric 
thin films (Table 5-14, Figure 5-16), and In-doping of yttrium barium cerate proton 
conductors for solid oxide fuel cells (SOFC) (Table 5-15, Figure 5-17). Error bars are 
reproduced when available. 
 Studying the effects of various radiation types on ferroelectric thin films from 
Figure 5-11 and Table 5-9, we note that linear energy transfer (LET) in PZT for X-rays (10 
keV), protons (3 MeV), and gamma rays (1.25 MeV) are 0.77 keV µm-1, 38.25 keV µm-1, 
and 0.05 keV µm-1, respectively.224-226 Notably, the LET for gamma radiation in PZT is 
much lower than both X-rays and protons. Comparing X-ray and gamma irradiation, the 
number of incident photons will be greater for gamma rays, but with a greater mean 
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distance between them. Thus, fewer X-rays may impact the sample, but of those that do, 
more electron-hole pairs are generated. Additionally, at the lower energy of X-rays, there 
are many photoelectric lines (e.g., K, L, M, etc.) that potentially result in diverse ionization 
states of affected atoms, compared to simply ejecting outer shell electrons in the case of 
gamma irradiation.  
 On the other hand, the LET of protons is two orders of magnitude greater than that 
of X-rays. A greater dose rate conceivably translates to greater charge generation per unit 
volume, which could potentially increase the rate of recombination. Evidence of this effect 
is present in observed local enhancement of functional properties measured by Bastani et 
al., in samples irradiated with protons (Figure 5-11).97 Furthermore, smaller values of φN, 
the effective volume affected by radiation-induced defect interactions, in samples 
irradiated with protons compared to X-rays, support this hypothesis. Defects that could 
potentially degrade functional response are annihilated or their charge reduced to less-
deleterious states, and the volume they pin is reduced. Additionally, the dose rate of protons 
is approximately 300 times that of X-rays, meaning 300 times fewer protons impact the 
surface than X-rays per unit time. Data from Oldham and McLean on irradiated MOS 
oxides demonstrated that the fractional hole yield for ionizing radiation (gamma, X-ray, 
electrons) was much greater than that of proton and alpha particle radiation, suggesting a 
more exaggerated interaction of ionizing radiation with the exposed material compared to 
particles.227 The net result is a smaller mean volume affected by radiation-induced defect 
interactions in samples irradiated with protons compared to X-rays or gamma rays, where 
the fractional charge yield is greater (than that of proton irradiation) (Table 5-9).  
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Table 5-5 Extracted φN and k parameters from fitting equation (S10) to degradation 
data of various parameters from Zhang et al.106 Note that values of φN are multiplied 
by three orders of magnitude to make interpretation more manageable. 
Zhang et al. 
0.5 kGy hr-1 2.5 kGy hr-1 25 kGy hr-1 
φN × 103 k φN × 103 k φN × 103 k 
ε
+
 3 0.85 2 0.85 1 0.82 
 
 
Figure 5-7 Application of phenomenological model (curves) to work on the effects of 
gamma irradiation dose rate on degradation of dielectric permittivity measured at 
the positive coercive field (εr+) of PZT thin films.106 
 
Table 5-6 Extracted φN and k parameters from fitting Equation 5-11 to degradation 
data of various parameters from Gao et al.216 Note that values of φN are multiplied by 
three orders of magnitude to make interpretation more manageable. 
Gao et al. 
(1999) 
0V Bias 4V Bias 
φN × 103 k φN × 103 k 
ε
+
 13 0.55 3 0.78 
ε
-




Figure 5-8 Application of phenomenological model (curves) to work done by on the 
effects of bias conditions on gamma radiation-induced degradation of dielectric 
permittivity measured at the positive and negative coercive fields (εr+ and εr-) of PZT 
thin films grown via pulsed laser deposition (PLD).216 
 
Table 5-7 Extracted φN and k parameters from fitting Equation 5-11 to degradation 
data of dielectric permittivity measurements on PbZr0.52Ti0.48O3 and PbTiO3.102 Note 
that values of φN are multiplied by three orders of magnitude to make interpretation 
more manageable. 







φN × 103 k φN × 103 k 
PbZr0.52Ti0.48O3 3 0.79 2 0.76 




Figure 5-9 Application of phenomenological model (curves) to work done on the 
effects of gamma irradiation on degradation of dielectric permittivity measured at 
the positive and negative coercive fields (εr+ and εr-) in ferroelectric PZT and lead 
titanate thin films.102 
 
Table 5-8 Extracted φN and k parameters from fitting Equation 5-11 to degradation 
data of various parameters from Solovev et al.107 Note that values of φN are multiplied 
by three orders of magnitude to make interpretation more manageable. 
 




φN × 103 k 
SrTiO3 -1 0.95 
PbZrO3 5 0.79 
BaTiO3 6 0.80 
NaNbO3 6 0.82 
PbTiO3 14 0.75 
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Figure 5-10 Application of phenomenological model (curves) to work done on gamma 
irradiation of bulk ceramic ferroelectrics and corresponding changes to dielectric 
permittivity.107 
 
Table 5-9 Extracted φN and k parameters from fitting Equation 5-11 to degradation 
data of various parameters from Bastani et al.97 Note that values of φN are multiplied 
by three orders of magnitude to make interpretation more manageable. 
Bastani et al. 
X-rays Protons 
φN × 103 k φN × 103 k 
ε
r (low-field) 76 0.41 26 0.57 
P
remanent
 79 0.57 50 0.40 
ε
init
 74 0.24 36 0.53 
α 244 0.44 90 0.59 
α/ε
init
 251 0.38 110 0.54 
d
33,f,saturation




Figure 5-11 Application of phenomenological model (curves) to degradation of 
various functional responses of PZT films subjected to X-ray and proton 
irradiation.97 
 
Table 5-10 Extracted φN and k parameters from fitting Equation 5-11 to dielectric 
degradation data as a function of neutron irradiation in PZT thin films by Graham 
et al.40 Note that values of φN are multiplied by three orders of magnitude to make 
interpretation more manageable, and that fitting was done with neutron flux × 1015 
cm-2. 
Graham et al. 
PbZr0.52Ti0.48O3 - CSD PbZr0.52Ti0.48O3 - IMO 
φN × 103 k φN × 103 k 
ε
r 
(~5 kV cm-1) 75 0.81 47 -0.20 
ε
r 




Figure 5-12 Application of phenomenological model (curves) to historical data on 
dielectric permittivity of neutron-irradiated in PZT thin films prepared via chemical 
solution deposition (CSD). Inverted mixing order (IMO) methods were used on two 
of the films. Non-IMO films are 350 nm thick and IMO films are 320 nm thick.40 
 
Table 5-11 Extracted φN and k parameters from fitting Equation 5-11 to dielectric 
degradation data as a function of Ho2O3 dopant concentration in BaTiO3 ceramics by 
Paunovic et al.214 Note that values of φN are multiplied by three orders of magnitude 
to make interpretation more manageable. 
Paunovic et al. 
1320K sinter 1380K sinter 
300K measure TC measure 300K measure TC measure 
φN × 103 k φN × 103 k φN × 103 k φN × 103 k 
ε
+




Figure 5-13 Application of phenomenological model (curves) to historical data on 
dielectric permittivity as a function of Ho2O3 dopant concentration in BaTiO3 
ceramics. Trends are shown for various sinter temperatures and measurement 
temperatures, including the Curie temperature, TC.214 
 
Table 5-12 Extracted φN and k parameters from fitting Equation 5-11 to dielectric 
degradation data as a function of Fe dopant in PZT by Weston et al.80 Note that values 
of φN are multiplied by three orders of magnitude to make interpretation more 
manageable. 
Weston et al. PbZr0.518Ti0.482O3 PbZr0.535Ti0.465O3 
 φN × 103 k φN × 103 k 
ε
r




Figure 5-14 Application of phenomenological model (curves) to historical data on 
dielectric permittivity as a function of Fe2O3 dopant concentration in PZT ceramics.80 
 
Table 5-13 Extracted φN and k parameters from fitting Equation 5-11  to degradation 
of conductivity in superconducting yttrium barium copper oxide (YBCO) by Clark et 
al.199 Notably, the range of exposure doses for As ions is shorter than that of the O 
ions, but results in greater degradation and higher φN, suggesting that As ion 
bombardment is likely associated with a different degradation mechanism compared 
to O ions. Note that values of φN are multiplied by three orders of magnitude to make 
interpretation more manageable. 
Clark et al. Y0.9Ba2.28Cu3Ox  (500 keV O ion) 
Y0.9Ba2.28Cu3Ox  
(1 MeV As ion) 
Y0.69Ba1.89Cu3Ox  
(500 keV O ion) 
 φN × 103 k φN × 103 k φN × 103 k 
Normalized 




Figure 5-15 Application of phenomenological model (curves) to data on irradiation of 
yttria barium copper oxide (YBCO) in multiple stoichiometries, irradiated with O 
and As ions.199 
 
Table 5-14 Extracted φN and k parameters from fitting Equation 5-11 to current 
density and polarization response degradation data as a function of He2+-ion 
bombardment in ferroelectric thin films by Saremi et al.198 Note that values of φN are 
multiplied by three orders of magnitude to make interpretation more manageable. 
Saremi 
et al. 
Current Density Polarization Properties 
50 kV/cm 100 kV/cm 200 kV/cm Prem EC+ 
φN × 103 k φN × 103 k φN × 103 k φN × 103 k φN × 103 k 
ε
+




Figure 5-16 Application of phenomenological model (curves) to data on He2+-ion 
bombardment of epitaxial ferroelectric thin films.198 
 
Table 5-15 Extracted φN and k parameters from fitting Equation 5-11 to degradation 
of total conductivity of In dopant yttrium barium cerate, compiled by Medvedev.204 
Note that values of φN are multiplied by three orders of magnitude to make 
interpretation more manageable. 
Medvedev 
σ (550 °C) σ (750 °C) 
φN × 103 k φN × 103 k 
Wet Air 7200 0.05 3917 0.28 
Dry Air 3590 0.40 4538 0.25 
Wet H2 11682 -0.13 5424 0.22 




Figure 5-17 Application of phenomenological model (curves) to In-doping of yttrium 




Figure 5-18 Application of phenomenological model (curves) to the effects of X-ray 
synchrotron experiments on current in Pt/TiO2/Pt memory cells.210 Data is extracted 
Figure 2 of the work by Chang et al., from approximately 85 to 120 seconds, due to 
the continuous set of data at that location. Data has been normalized to the first point 
of the selected set, and the percent change from that point as the baseline plotted. The 
model fits well in (a), but does encounter some difficulty due to the starting point at 
85 s and resulting discontinuity from 0 to 85 s. By shifting the initial point to 0 s (b), 
the model provides a better fit. We note that the model requires fitting the 
degradation/reduction of a property as a positive value (as explained in the 
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Effect of Microstructure on Irradiated Ferroelectric Thin Films 
Steven J. Brewer, Hanhan Zhou, Samuel C. Williams, Ryan Q. Rudy, Manuel Rivas, 
Ronald G. Polcawich, Cory D. Cress, Evan R. Glaser, Elizabeth A. Paisley, Jon F. Ihlefeld, 
Jacob L. Jones, Nazanin Bassiri-Gharb 





 This work investigates the role of microstructure on radiation-induced changes to 
the functional response of ferroelectric thin films. Chemical solution-deposited lead 
zirconate titanate (PZT) thin films with columnar and equiaxed grain morphologies are 
exposed to a range of gamma radiation doses up to 10 Mrad and the resulting trends in 
functional response degradation are quantified using a previously-developed 
phenomenological model. The observed trends of global degradation as well as local rates 
of defect saturation suggest strong coupling between ferroelectric thin film microstructure 
and material radiation hardness. Radiation-induced degradation of domain wall motion is 
thought to be the major contributor to the reduction in ferroelectric response. Lower rates 
of defect saturation are noted in samples with columnar grains, due to increased grain 
boundary density offering more sites to act as defect sinks, thus reducing the interaction of 
defects with functional material volume within the grain interior. Response trends for 
measurements at low electric field show substantial degradation of polarization and 
piezoelectric properties (up to 80% reduction in remanent piezoelectric response), while 
such effects are largely diminished at increased electric fields, indicating that the defects 
created/activated are primarily of low pinning energy. The correlation of film 
microstructure to radiation-induced changes to the functional response of ferroelectric thin 





 Chemical solution deposition (CSD) of perovskite ferroelectric thin films has 
proven to be a cost-effective, large-area processing method for a variety of applications 
since it was first implemented by Budd et al. in the mid-1980s.44,108 The fine 
microstructural control inherent to CSD has led to efficient processing of ferroelectric 
materials that demonstrate exceptional multifunctional dielectric, polarization, and 
piezoelectric responses without the need for expensive and size-limiting substrates and/or 
processing equipment.1,228 Modification of CSD processing parameters can influence grain 
and domain morphology, chemical heterogeneity, defect concentrations, stress states, etc., 
and thus leads to a wide range of functional material responses. Accordingly, many CSD-
processed ferroelectrics, especially lead zirconate titanate (PZT), have found use in 
ferroelectric random access memories (FeRAM), multilayer ceramic capacitors, infrared 
(IR) detectors, acoustic and ultrasound devices, and microelectromechanical systems 
(MEMS) sensors and actuators.118,127,128,229-233 However, new generations of novel 
microelectronics devices require operation in increasingly-demanding environments, 
including radiation-hostile settings like space or facilities managing radioisotopes. While 
many studies on the microstructure of CSD ferroelectric thin films have centered around 
(multi-) functional response enhancement, the coupling between microstructural variations 
and radiation tolerance is still unclear. In this work, we investigate the effects of grain 
morphology on radiation tolerance in gamma-irradiated ferroelectric PZT thin films.  
Many ferroelectric thin films, such as PbZr0.60Ti0.40O3, PbZr0.52Ti0.48O3, and BaTiO3 
with columnar grain structure exhibit greater dielectric and electromechanical responses 
compared to similar compositions with equiaxed grains.118,125,234 Furthermore, changes to 
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grain morphology can modify the energy landscape of the material, affecting the motion of 
internal interfaces, e.g., domain walls and phase boundaries.4,6,7,37 The nonlinear and 
hysteretic motion of these internal interfaces is largely responsible for the large magnitude 
of the functional response of ferroelectric thin films. Hence, any restriction to the motion 
of these interfaces can potentially result in degradation of the functional properties.4,162 
Interactions of lattice, vacancy, and point defects with internal interfaces like domain walls, 
can pin domain wall motion and result in degradation of the ferroelectric response.6,7 
Exposure to radiation can further aggravate these effects, resulting in additional 
dependencies of the functional response on microstructural and morphological factors. 
Generally, the effects of irradiation on the functional response are strongly 
correlated with grain size (and thus, grain boundary density) in the material. Greater grain 
boundary density potentially results in increased interaction of radiation-induced 
perturbations (electron-hole pairs, defect dipoles, vacancies) with defective interfaces, thus 
yielding greater radiation-induced degradation (RID).218 However, grain boundaries can 
act as effective defect “sinks,” and counteract to a large degree the deleterious effects of 
RID in the material.221 In a ferroelectric material, radiation-induced ionization and 
displacement events can increase stable defect concentrations and cause changes in the 
defect energy landscape. Specifically, trapped charges generated by X-ray, gamma, and 
proton irradiations, as well as defect dipoles activated by neutron irradiation, have been 
shown to cause degradation of polarization, dielectric, and electromechanical 
responses.32,40,97,98,100 Work by Leray et al. suggested that irradiation of PZT thin films 
mimics and/or exacerbates the effects of ferroelectric aging and fatigue, and hypothesized 
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that gamma radiation-induced space charges are likely proportional to grain boundary 
density across the thickness of interrogated samples.101  
While prior work on irradiated ferroelectric materials has shown considerable 
amounts of RID of functional properties, very little research has been undertaken to 
specifically correlate such variations in ferroelectric response to grain morphology and 
microstructure.32,90-96 Variations in grain morphology and microstructure will inevitably 
alter the fundamental interaction between radiation and the ferroelectric material. 
Modifying parameters such as grain size, orientation, and degree of anisotropy can 
potentially alter the effects of radiation interaction, defect creation and mobility, and even 
the extent of degradation that defects can impart. In this work, we investigate the role of 
grain morphology on radiation-induced changes to the functional response of ferroelectric 
materials by studying gamma-irradiated PZT thin films with columnar and equiaxed grain 
structures.  
 
6.3 Experimental Procedure 
Two separate PbZr0.52Ti0.48O3 (PZT) precursor solutions were prepared, one via a 
2-methoxyethanol-based (2-MOE) route, and the other using a methanol-based inverted 
mixing order (IMO) process.109,110,120,131,235 Both 2-MOE and IMO PZT solutions were 
deposited by spin coating on 150 mm-diameter 100-silicon wafers consisting of 100 nm 
Pt, 35 nm TiO2, 2035 nm SiO2, Si, and resulting in PZT films with thicknesses of 500 ± 14 
nm.120,131,132 A seed layer of PbTiO3 was deposited for the 2-MOE films to induce 100-
texture.131 2-MOE-PZT films were deposited with a target thickness of 500 nm using 0.4M 
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solutions, pyrolysis temperatures of 365 °C for 60 s for each spin layer, and a crystallization 
anneal at 700 °C for 60 s after every 2 layers in a rapid thermal anneal furnace. IMO-PZT 
films were deposited to a target thickness of 500 nm using 0.35M solutions. IMO-PZT 
films were pyrolyzed at a temperature of 350 °C for 60 s for each spin layer and 
subsequently crystallized in a preheated furnace at 700 °C for 10 minutes; the 
crystallization step was repeated halfway through the film thickness and again at 500 nm. 
IrO2 top electrodes were selected for continuity with prior work.32 100 nm-thick electrodes 
were sputter-deposited onto both the 2-MOE- and IMO-films at 500 °C and processed with 
a post-deposition anneal at 650 °C in flowing O2 for 30 min. The top electrode and PZT 
layer were patterned using argon ion milling and a series of additional metallization steps 
to create interconnects to the device structures. This general process is outlined 
elsewhere.100 Figure 6-1 shows baseline X-ray diffraction (XRD) phase analysis of the 
films deposited using 2-MOE- and IMO-prepared solutions, and the resulting columnar 
and equiaxed grain morphologies, respectively. Additionally, scanning electron 
microscopy (SEM) was performed to observe grain size and porosity in the films deposited 
with each precursor solution (Figure 6-2).  
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Figure 6-1 X-ray diffraction (XRD) crystallographic phase analysis comparing 
representative samples with columnar and equiaxed grain structures that were 
prepared using 2-MOE and IMO PZT solutions, respectively. Noteworthy is the large 
100-peak in samples with columnar grains, compared to the large presence of 110-
texture in samples with equiaxed grains. “Signal” indicates artifacts of rapid 
increases to XRD signal intensity. 
 The fabricated samples were exposed to radiation from a 60Co gamma source at 
doses ranging from 0.2 to 10 Mrad (equivalent Si dose) at a dose rate of approximately 600 
rad(Si)/s at the US Naval Research Laboratory (NRL). The geometry of the 60Co gamma 
source surrounds the sample, resulting in an isotropic exposure, and thus eliminating any 
effects of radiation directionality. All electrodes were left floating during radiation 
exposure. Dielectric, polarization, and piezoelectric responses of the samples were fully 
characterized both before and after irradiation, including (in order) measurements of low-
field dielectric permittivity, polarization response, nonlinear AC dielectric response, DC 
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electric field-dependent permittivity response, and DC electric field-dependent 
piezoelectric response. All measurements were performed on the same sample/electrode 
both before and after irradiation in order to accurately monitor changes in response. A 
summary of these measurements for samples with both columnar and equiaxed grain 
structures as a function of radiation dose is shown in Table 6-1 and Table 6-2. A 600-
second poling step at 10 V (approximately five times the coercive voltage, VC) was 
performed directly before the piezoelectric measurements in both pre- and post-irradiation 
measurement sets in order to maximize polarization alignment in the out-of-plane 
direction. Low-field dielectric permittivity (εr) measurements were conducted at 100 mV 
and 1 kHz using an Agilent 4284A precision LCR meter. Polarization-electric field (P-E) 
hysteresis loops were performed up to fields of 250 kV/cm at 100 Hz, using a Radiant P-
PM2 ferroelectric test system. Nonlinear AC dielectric permittivity (εr-EAC) was measured 
up to approximately 150 kV/cm AC at 1 kHz. DC-dependent dielectric permittivity (εr-
EDC) measurements were performed up to 250 kV/cm DC bias with an overlapping small-
signal 100 mV AC bias at 1 kHz. Measurements of the converse, effective longitudinal 
piezoelectric response (d33,f) were performed on an aixACCT double beam laser 
interferometer (DBLI) measurement system up to 250 kV/cm DC bias with an overlapping 
AC signal VAC ≈ 0.5VC. All measurements reported are subject to experimental error up to 
3-5% due to sample variability.  
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Figure 6-2 Scanning electron microscopy (SEM) images of samples with columnar 
and equiaxed grain structures. Notable is the greater degree of porosity in the samples 
with equiaxed grains (b) (see also Table 6-3). 
The nonlinear dielectric response was analyzed through the Rayleigh approach to 
quantify changes in intrinsic and extrinsic dielectric response.24,29,236 This analysis yields 
the reversible Rayleigh parameter, εinit, which is the intercept of the linear AC field-
dependent relative dielectric permittivity; and the irreversible Rayleigh parameter, α, which 
is the slope of the AC field-dependent relative permittivity. εinit describes intrinsic 
contributions to the dielectric response such as lattice vibration as well as low field, 
reversible extrinsic contributions, while α designates extrinsic contributions to the 
dielectric response, e.g., from irreversible domain wall and phase boundary motion. 
Accordingly, the ratio α/εinit is commonly employed as a measure of extrinsic contributions 
to the functional dielectric response.33  
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Cross-sectional scanning electron microscopy (SEM) was used to visually observe 
grain microstructure through the thickness of the films and measure porosity. Samples were 
sputter-coated with a 20 nm-thick Au layer to increase sample conductivity during SEM 
imaging. Cross sectional characterization was performed using an FEI Verios field-
emission scanning electron microscope in secondary lens mode. Thickness measurements 
of distinct layers in the samples and porosity calculations were performed using ImageJ 
(Table 6-3). 
In order to quantify the microstructure and grain orientations in the film, 
transmission Kikuchi diffraction (TKD) was performed on the samples (Figure 6-3). 
Focused ion beam (FIB) milling was used to prepare thin specimens for TKD, after which 
they were sputter-coated with a 20 nm-thick Au layer to increase sample conductivity and 
to mitigate drift during the data acquisition. A 3 µm-thick Pt layer was also deposited on 
the sample surface before FIB milling under FEI Quanta 3D FEG to protect the sample 
surface from potential electron and ion damage. Cross-sectional TKD samples were 
prepared using FEI Quanta 3D FEG which employs both electron and ion beam guns 
(SEM/FIB). TKD imaging was performed on the FIB samples using an Oxford Instruments 
NordlysNano Electron Backscatter Diffraction (EBSD) detector. Kikuchi diffraction 
patterns were acquired at 30 kV with the Oxford Instruments Aztec software. TKD data 
was processed using the HKL CHANNEL5 program Tango. Kikuchi images for the PZT 
were indexed to the cubic phase of the perovskite structure, which results in a description 
of the grain orientations in the PZT film. The PZT composition is in close proximity to a 
morphotropic phase boundary (MPB) and the small structural distortions from cubic cannot 
be reliably indexed. 
 178 
 
Figure 6-3 Representative transmission Kikuchi diffraction (TKD) orientation maps 
and Kikuchi band contrast images for samples with (a) columnar and (b) equiaxed 
grain structures images from the x-, y-, and z-axes. (c) shows the inverse pole figures 
for the cubic indexing of both PZT and Pt, and the coordinate system used for this 
figure. Note that in the highly 100-textured columnar samples, the x- and y-axis TKD 
images are very similar, due to the 4-fold rotational symmetry of the cubic lattice used 
for indexing. In the samples with equiaxed grains and weak texture, the 
corresponding images from x- and y-axes do not show similar symmetry, confirming 
their more randomly-oriented nature. 
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Table 6-1 Measured dielectric permittivity, loss tangent, polarization, and effective 
longitudinal piezoelectric responses at increasing radiation doses for PZT thin films 
with columnar grain structures. Percent change (where applicable in the text) is 
calculated from measurements before and after the given radiation dose for the set of 
samples and electrodes exposed to that dose. Uncertainties expressed represent 
standard error to one significant figure. Measurement values are reported to the same 
decimal place as the uncertainties.172 
Columnar  0 Mrad 0.2 0.5 1.0 2.0 5.0 10.0 
Low-field Dielectric         
ε
r 
Virgin 1229 ± 1 1247 ± 3 1230 ± 1 1227 ± 2 1237 ± 1 1233 ± 1 1248 ± 1 
Irradiated 1222 ± 6 1297 ± 10 1229 ± 4 1208 ± 4 1188 ± 3 1127 ± 4 1083 ± 2 
tan(δ) (%) 
Virgin 1.3 ± 0.1 1.3 ± 0.1 1.3 ± 0.1 1.3 ± 0.1 1.5 ± 0.1 1.4 ± 0.1 1.2 ± 0.1 
Irradiated 1.6 ± 0.1 2.4 ± 0.2 1.5 ± 0.1 1.6 ± 0.1 1.3 ± 0.1 1.2 ± 0.1 1.0 ± 0.1 




Virgin 1219 ± 4 1263 ± 8 1230 ± 10 1253 ± 8 1223 ± 4 1221 ± 8 1237 ± 8 
Irradiated 1146 ± 3 1137 ± 6 1136 ± 9 1157 ± 6 1169 ± 10 1142 ± 10 1156 ± 27 
α (cm/kV) 
Virgin 26.9 ± 0.4 27.2 ± 0.4 36.8 ± 0.9 30.1 ± 0.4 34.7 ± 0.2 29 ± 2 29.1 ± 0.4 
Irradiated 29 ± 4 25.2 ± 0.3 23.6 ± 0.2 19 ± 1 20.1 ± 0.4 21 ± 4 15 ± 1 
α/ε
init
 x103 (cm/kV) 
Virgin 22.1 ± 0.3 21.5 ± 0.4 30 ± 1 24.1 ± 0.5 28.3 ± 0.1 24 ± 1 23.5 ± 0.5 
Irradiated 26 ± 4 22.2 ± 0.3 20.8 ± 0.3 16 ± 1 17 ± 1 18 ± 4 13 ± 1 




Virgin 35.4 ± 0.1 35.6 ± 0.1 35.7 ± 0.1 35.4 ± 0.1 35.3 ± 0.1 35.4 ± 0.1 35.5 ± 0.1 




Virgin 12.2 ± 0.1 10.4 ± 0.2 10.7 ± 0.1 11.1 ± 0.2 11.1 ± 0.1 10.4 ± 0.1 11.1 ± 0.6 
Irradiated 11.2 ± 0.4 10.1 ± 0.3 9.8 ± 0.1 9.2 ± 0.1 9.6 ± 0.3 7.9 ± 0.1 8.3 ± 0.4 
εr-EDC         
% Diel. Tunability 
Virgin 74.3 ± 0.2 74.7 ± 0.2 74.3 ± 0.1 74.5 ± 0.1 74.6 ± 0.2 74.2 ± 0.1 74.8 ± 0.1 




Virgin 1402 ± 7 1354 ± 2 1400 ± 5 1359 ± 5 1390 ± 20 1400 ± 20 1382 ± 8 
Irradiated 1350 ± 20 1324 ± 2 1348 ± 2 1307 ± 1 1320 ± 20 1320 ± 20 1247 ± 1 




Virgin 79 ± 3 76.2 ± 0.5 77 ± 5 78 ± 3 79 ± 1 79 ± 3 80.8 ± 0.6 




Virgin 49 ± 6 38 ± 2 43 ± 1 10 ± 1 43 ± 1 47 ± 5 41.5 ± 0.7 
Irradiated 34 ± 4 28 ± 1 25 ± 1 22 ± 1 23 ± 2 24 ± 6 7 ± 2 
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Table 6-2 Measured dielectric permittivity, loss tangent, polarization, and effective 
longitudinal piezoelectric responses at increasing radiation doses for PZT thin films 
with equiaxed grain structures. Percent change (where applicable in the text) is 
calculated from measurements before and after the given radiation dose for the set of 
samples and electrodes exposed to that dose. Uncertainties expressed represent 
standard error to one significant figure. Measurement values are reported to the same 
decimal place as the uncertainties.172 
Equiaxed  0 Mrad 0.2 0.5 1.0 2.0 5.0 10.0 
Low-field Dielectric         
ε
r 
Virgin 1405 ± 1 1481 ± 1 1366 ± 6 1512 ± 2 1445 ± 3 1454 ± 1 1496 ± 2 
Irradiated 1357 ± 4 1323 ± 2 1215 ± 6 1284 ± 4 1284 ± 5 1262 ± 6 1175 ± 2 
tan(δ) (%) 
Virgin 3.5 ± 0.1 3.3 ± 0.1 4.0 ± 0.1 3.8 ± 0.1 2.8 ± 0.1 2.5 ± 0.1 3.7 ± 0.1 
Irradiated 2.7 ± 0.1 1.7 ± 0.1 1.9 ± 0.1 1.5 ± 0.1 1.4 ± 0.1 1.3 ± 0.1 1.3 ± 0.1 




Virgin 1290 ± 40 1251 ± 3 1251 ± 5 1330 ± 10 1300 ± 3 1224 ± 3 1280 ± 10 
Irradiated 1200 ± 30 1161 ± 6 1100 ± 10 1138 ± 5 1263 ± 7 1227 ± 4 1112 ± 7 
α (cm/kV) 
Virgin 40 ± 2 57.7 ± 0.2 35.0 ± 0.5 51 ± 2 38.9 ± 0.1 52.2 ± 0.3 39 ± 1 
Irradiated 33 ± 1 37 ± 1 29 ± 1 34.5 ± 0.2 26.4 ± 0.2 23.2 ± 0.3 20.4 ± 0.4 
α/ε
init
 x103 (cm/kV) 
Virgin 30.9 ± 0.9 46.1 ± 0.3 27.9 ± 0.5 39 ± 2 29.9 ± 0.2 42.6 ± 0.3 30 ± 1 
Irradiated 28 ± 1 32 ± 1 26.1 ± 0.2 30.3 ± 0.3 20.9 ± 0.1 18.9 ± 0.2 18.4 ± 0.5 




Virgin 43.8 ± 0.1 43.3 ± 0.5 42.4 ± 0.1 41.9 ± 0.2 42.6 ± 0.3 41.7 ± 0.1 41.9 ± 0.1 




Virgin 14.8 ± 0.2 17 ± 1 19.2 ± 0.1 16 ± 1 15.3 ± 0.1 16.6 ± 0.4 14.7 ± 0.3 
Irradiated 15.4 ± 0.4 16 ± 1 17.2 ± 0.3 15 ± 1 13.9 ± 0.3 13.5 ± 0.3 12.8 ± 0.5 
εr-EDC         
% Diel. Tunability 
Virgin 77.9 ± 0.1 77.6 ± 0.1 77.4 ± 0.2 79.2 ± 0.1 78.1 ± 0.1 78.0 ± 0.1 79.5 ± 0.2 




Virgin 1520 ± 9 1657 ± 8 1480 ± 20 1675 ± 6 1644 ± 5 1631 ± 4 1712 ± 1 
Irradiated 1443 ± 7 1489 ± 4 1360 ± 10 1440 ± 2 1455 ± 3 1410 ± 2 1297 ± 5 




Virgin 66.8 ± 0.6 68.2 ± 0.7 67.7 ± 0.5 64 ± 4 60 ± 2 62.5 ± 0.4 64 ± 1 




Virgin 39 ± 2 76 ± 8 48 ± 3 57 ± 1 47 ± 2 54 ± 5 69 ± 6 




6.4 Experimental Results 
Fabrication of PZT thin films using 2-MOE- and IMO-CSD methods resulted in 
films with large differences in grain orientation and microstructure. XRD crystallographic 
orientation analysis (Figure 6-1) shows highly 100-textured films processed with 2-MOE-
based CSD, while the IMO CSD-processed samples demonstrate a relatively strong 110-
peak. Minor tetragonal peak splitting is observable in the samples processed with 2-MOE-
based solutions, due to proximity of the precursor solutions to the morphotropic phase 
boundary and accompanying changes to the Curie temperature (TC). Differences in 
microstructure, porosity, and crystallographic texture are further elucidated via SEM 
imaging (Figure 6-2) and TKD analysis (Figure 6-3). SEM images show highly-columnar 
grain structures with low porosity concentrated at the crystallization interfaces in the 
samples processed via 2-MOE-based solutions. The films processed with IMO solutions 
show randomly-oriented grains with a greater degree of porosity (1.35% for equiaxed, 
1.10% for columnar) distributed through the thickness of the film (Table 6-3). TKD 
analysis further confirms the grain orientation and texture, showing large regions of 100-
oriented columnar grains for the samples processed with 2-MOE-based CSD (Figure 6-3a) 
compared with a more random distribution of crystallographic orientations for those 
processed via IMO CSD (Figure 6-3b). For simplicity throughout the results and 
discussion, the films processed via 2-MOE-based and IMO CSD methods will be referred 
to as “columnar” and “equiaxed,” respectively. 
Shown in Figure 6-4 are statistical measurements of the distribution of in-plane 
grain sizes, out-of-plane grain heights, and size of multi-grain regions of similar 
orientation, as calculated using ASTM E112-12 average grain intercept methods from 
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multiple TKD band contrast images.237 Samples with columnar grains show smaller mean 
in-plane grain size (Figure 6-4b) and a larger mean grain height (Figure 6-4c), with a 
greater frequency of multi-grain regions (Figure 6-4d). Equiaxed samples have greater 
mean grain surface area, but due to their much greater mean volume, a smaller surface-
area-to-volume ratio. Quantified statistical results are available in Table 6-3. 
Table 6-3 Statistical data for measurements of in-plane grain size, grain height, and 
various geometry-related values for samples with columnar and equiaxed grain 































(cylindrical) 1.10 391 ± 220 66 ± 27 8.8 ´ 10
-10 1.3 ´ 10-15 6.8 ´ 105 1.2 ´ 105 
Equiaxed 
(ellipsoidal) 1.35 215 ± 109 177 ± 160 11.3 ´ 10
-10 3.6 ´ 10-15 3.1 ´ 105 3.4 ´ 105 
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Figure 6-4 Statistical analysis of grain characteristics for PZT thin films with 
columnar (blue) and equiaxed (orange) grains. Schematic for statistical 
measurements shown in (a). Measurements include (b) in-plane grain size, (c) out-of-
plane grain height, and (d) size of multi-grain regions of similar orientation. Normal 
distribution curve is shown as a dotted line to suggest trends in data. 
 Figure 6-5 shows trends in the characterization of dielectric response at low AC 
electric field (εr) and intermediate AC electric field (α). Samples with equiaxed grains show 
greater degradation of relative dielectric permittivity, εr, as a function of radiation dose, as 
well as greater reductions in dielectric losses, tan(δ) (Table 6-1 and Table 6-2). Similarly, 
at increasing AC field, degradation of the extrinsic contributions to the dielectric response, 
 184 
α, is slightly greater for samples with equiaxed grains (Table 6-1and Table 6-2, Figure 6-5), 
potentially indicating that contributions from irreversible motion of internal interfaces are 
greater in those samples than in samples with columnar grains.  
 
Figure 6-5 Degradation trends for dielectric responses at low (a, b) and increasing (c) 
AC electric field. Notable are the large differences in degradation trends at low field 
when comparing samples with different grain structures, but similar trends of 
degradation of the Rayleigh extrinsic to intrinsic ratio are observed for both sets of 
samples.  
 The degradation data for remanent polarization response and coercive field 
(negative potential) are plotted in Figure 6-6 (with sample loops shown in Figure 6-7a and 
Figure 6-7b). Samples with columnar grains show more severe degradation for both 
remanent and saturated polarization (Prem and Psat, respectively) compared to samples with 
equiaxed grains. Decrease in the negative coercive field (EC-) is closely matched for both 
sets of samples (Table 6-1 and Table 6-2). 
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Figure 6-6 Degradation trends for polarization and coercive field. Note the severe 
degradation of remanent polarization, compared to the mild degradation of 
saturation polarization. 
 The summary of functional response characterization shown in Table 6-1 and Table 
6-2 allow for a variety of observations regarding the behavior of samples with both 
columnar and equiaxed grains as a function of radiation dose, particularly from a high-dose 
perspective. For example, focusing on dielectric response, PZT thin films with columnar 
and equiaxed grain structures show relatively low levels of degradation of low-field 
dielectric permittivity (εr) at 10 Mrad dose (13% and 22% respectively), compared to much 
greater degradation of remanent effective piezoelectric coefficient (d33,f,rem) – up to 83% 
for samples with columnar grains, and 70% for samples with equiaxed grains (see Figure 
6-8). Additionally, large degradation (up to 50%) of α is noted for all samples at 10 Mrad. 
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This suggests that gamma radiation negatively interacts with sources of extrinsic 
contributions to the dielectric response, such as the irreversible motion of domain walls. 
This result is consistent with prior studies at discrete gamma radiation doses.32 In order to 
more comprehensively quantify radiation-induced defect interactions and the resulting 
effects on the functional response in PZT thin films of different grain morphologies, we 
apply a phenomenological model developed in prior work to analyze trends as a function 
of radiation dose.189 The implementation thereof will be addressed in the following 
Discussion.  
 
Figure 6-7 Comparison of (a, b) polarization-field (P-E) hysteresis loops; (c, d) 
permittivity-DC field (εr-EDC); and (e, f) piezoelectric-field loops (d33,f-EDC) for 
samples with (a, c, e) columnar grains and (b, d, f) equiaxed grains in virgin (0 Mrad) 
samples and after exposure to 10 Mrad gamma irradiation. Notable is the larger shift 
in the positive direction of the P-E loop at 10 Mrad for the sample with columnar 
grains (a), as well as slight pinching of the P-E loops for both samples (a, b), indicating 
changes to the defect energy landscape of the material. The internal bias is also visible 
 187 
in piezoelectric plots (e, f). The formation of new peaks in the εr-EDC loops (c, d) 
potentially indicates changes to the defect energy landscape. 
 
 
Figure 6-8 Degradation trends and fitted model for DC field-dependent piezoelectric 
responses (d33,f-EDC) and percent dielectric tunability. Notably, samples with 
columnar grains appear to be slightly more susceptible to radiation-induced 
degradation of DC field-dependent responses. However, the magnitude of 
degradation of d33,f,sat and % tunability (high DC field) are somewhat negligible, 
compared to d33,f,rem (low DC field). 
 
6.5 Discussion 
The employed phenomenological model relies on the assumption that exposure of 
ferroelectric materials to gamma radiation creates or activates defects in the material.32 We 
note that radiation-induced defects (RID) may refer to both ionic/electronic defects, such 
as electron-hole pairs and trapped charges, or atomic displacements, e.g., 
vacancy/interstitial pairs, with the former being the more likely result of ionizing gamma 
irradiation. The newly-created/activated defects interact with a given volume of 
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ferroelectric material and, potentially, with existing defects therein, such as domain walls, 
grain boundaries, existing point defects, defect dipoles, etc., thereby modifying the defect-
energy landscape of the material. The result is an effective “pinning” of ferroelectric 
volume (normalized to total probed volume)189 due to defect interactions, Vd, which can be 
directly correlated to degradation of functional response parameters. The volume of pinned 
ferroelectric material is related to the number of radiation-induced defects, N, (assumed 
proportional to radiation dose) by the expression 
 𝑉X = 1 − 𝑒
r(
(
  6-1 
where two parameters determine the response to radiation: (1) φN, the normalized effective 
change in material volume pinned per new defect introduced; and (2) k, the effective rate 
of defect saturation. φN can be considered as the global susceptibility of the material to 
radiation-induced change, while k is useful for describing the nonlinear physical 
phenomena governing the effective rate of change and the more nuanced effects of defect 
concentration on degradation of response. Full details of the model are available elsewhere, 
including derivation and detailed discussion of the assumptions and parameters.189 It 
should be noted that the values of φN are normalized to an arbitrary total volume, thus 
comparisons between values of φN represent fractional comparisons, rather than absolute 
value. Results of fitting the model to the functional characterization data (Table 6-1) are 
given in Table 6-4. 
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Table 6-4 Extracted parameters from applying the phenomenological model 
developed in prior work to TID study data of dielectric, polarization, and 
piezoelectric responses of the irradiated samples with columnar and equiaxed grains. 
Note that values of φN are multiplied by three orders of magnitude to make 
interpretation more manageable. 
 Columnar Equiaxed 
 φN × 103 k φN × 103 k 
Low-field Dielectric     
ε
r 19 0.48 26 0.79 
tan(δ) 25 0.77 57 0.92 
Rayleigh Analysis     
α 85 0.76 96 0.77 
ε
init
 11 0.76 19 0.79 
α/ε
init
 86 0.68 97 0.68 
Polarization     
P
rem
 140 0.47 52 0.64 
P
sat
 6 0.65 2 0.85 
EC- 173 0.59 153 0.70 
εr-EDC Response     
% Tunability 7 0.43 6 0.44 
ε
DC,low-field
 15 0.63 34 0.72 
Piezoelectric     
d
33,f,rem
 185 0.66 104 0.82 
d
33,f,sat
 7 0.61 1 0.62 
 
 By comparing the fitting parameters in Table 6-4, we can now perform a more 
quantitative analysis of both the global and local response of PZT thin films and the effect 
of grain morphology on gamma radiation-induced defect interactions. Generally, gamma 
irradiation of PZT thin films with both columnar and equiaxed grains resulted in 
degradation of dielectric, polarization, and piezoelectric functional properties. However, 
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several notable trends are observed regarding the dependence of radiation-induced 
degradation on grain structure, magnitude/type of electric field, and the type of functional 
response measured. 
 First and foremost, samples with equiaxed grains exhibit consistently greater values 
of k throughout all measurements in Table 6-4. The distinct trend of larger k across all 
functional response parameters in equiaxed-grained samples suggests a strong correlation 
between grain morphology and defect saturation rates in gamma irradiated PZT thin films. 
The coefficient k accounts for the effects of material anisotropies, e.g., grain boundaries, 
pre-existing defects, chemical heterogeneity, etc. Elevated values of k potentially signal 
either enhanced rates of defect creation/activation, increased damage by newly-introduced 
defects, or a combination of both. A variety of reports have suggested that the harmful 
effects of radiation-induced defects are potentially alleviated by decreasing grain size in 
functional materials, and thus increasing the density of grain boundary sinks for defect 
accumulation.220,221,238-241 Defects either created or accumulated at grain boundaries 
potentially result in less severe and shorter-range degradation, due to the relative absence 
of functional material volume at grain boundaries. The columnar grains studied in this work 
are both smaller than the equiaxed grains studied and have a surface-area-to-volume ratio 
that is more than twice as large (Table 6-4). The result is a slower rate of defect saturation 
and resulting degradation of response in samples with columnar grains, signaled by 
consistently smaller values of k compared to samples with equiaxed grains.  
Trends of global susceptibility (φN) to radiation-induced degradation for both 
columnar- and equiaxed-grained samples are observed through measurements of dielectric 
properties. Focusing on the Rayleigh analysis of nonlinear AC dielectric response, values 
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of φN are similar for measurements of εinit (φN = 11´10-3 for columnar samples, φN = 19´10-
3 for equiaxed samples) and α (φN = 85´10-3 for columnar samples, φN = 97´10-3) for 
samples with both grain orientations. Two important observations can be gleaned from this 
data. First, the relative values of φN for α are four to five times greater than corresponding 
values for εinit (see also the ratio, α/εinit). This result indicates that the impact of radiation 
on irreversible motion of domain walls is larger than the effects on intrinsic response and 
reversible motion of domain walls, consistent with multiple reports on gamma, X-ray, 
proton, and neutron irradiation of PZT thin films.32,40,97 Prior work has suggested that 
ionizing radiation can excite electrons and holes, leading to potential trapped charges in 
the material.32,97,101 Such trapped charges can modify the charge state of existing defects 
and lead to pinning of domain wall motion, similar to mechanisms driving ferroelectric 
fatigue.32,61,70,75,101,242 Proie et al. and Brewer et al. have previously reported the nature of 
charge accumulation due to gamma irradiation and the subsequent creation of charged 
defects through TID and bias studies in PZT thin films.32,100 
 Second, the values of φN for both α and εinit are slightly greater for samples with 
equiaxed grains. It is noteworthy that the grain volume in samples with equiaxed structure 
is larger than columnar grains, as noted in Table 6-3, as well by visual inspection of the 
TKD band contrast maps in Figure 6-3. Numerous reports have shown that domain size 
(and thus, wall mobility) in ferroelectric materials scales with grain size.243,244 In grains 
with larger domains, domain walls are expected to be more mobile, due to lower chances 
of interaction with other domain walls, potentially resulting in greater extrinsic 
contributions to the dielectric response. Indeed, comparing the actual values of α, in Table 
6-1 and Table 6-2, the samples with equiaxed grains consistently show greater magnitude 
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of extrinsic contributions to dielectric response across the entire range of radiation doses. 
In other words, samples with larger, equiaxed grains have higher extrinsic contributions in 
virgin samples. On the other hand, in samples with smaller columnar grains, the smaller 
domains and proximity to grain boundaries may result in to lower extrinsic contributions, 
even prior to irradiation.245 A higher value of α in the equiaxed samples might also be 
attributable to greater chemical homogeneity in those samples. Prior research compared 
cation distributions through the thickness of films prepared with 2-MOE-based and IMO 
PZT solutions, showing greater chemical homogeneity for IMO-based solutions prepared 
under conditions typically used for PZT thin film preparation.136 Additionally, it was 
demonstrated that films with increased chemical homogeneity can produce enhanced 
dielectric properties due to their consistent proximity to the morphotropic phase boundary 
(MPB), which is associated with enhanced extrinsic contributions to the dielectric 
response, e.g., greater domain wall mobility.246 The consequence is greater observed 
radiation-induced degradation of response in equiaxed grains as the larger, more mobile 
domains are pinned and result in greater percent degradation of response, while 
maintaining larger measured values of extrinsic response. This phenomenon is potentially 
supported by the previously-mentioned greater values of k in samples with equiaxed grains, 
as defects are created/activated at an increased rate relative to columnar-grained samples. 
It is also useful to compare the values of φN for polarization response at low and 
high field, i.e., remanent and saturated polarization response (Prem and Psat). At low electric 
field, the effects of gamma radiation are quite severe for Prem, with φN values of 140´10-3 
and 52´10-3 for columnar- and equiaxed-grained samples, respectively. However, at the 
higher fields (250 kV/cm) required to reach polarization saturation, the effects of radiation-
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induced defect interactions are substantially reduced (values of φN for saturated 
polarization of columnar and equiaxed samples are 6´10-3 and 2´10-3, respectively). These 
results suggest that the defects generated or activated with gamma irradiation are of 
relatively low energy, and the effects of their presence are almost fully overcome at higher 
electric fields.  
As shown in Figure 6-7a and Figure 6-7b, internal bias and the associated horizontal 
shift of the polarization-field (P-E) loops in the positive electric field direction are 
potentially responsible for some degree of degradation of remanent polarization response. 
However, reductions in the magnitude of negative coercive field, EC-, are very similar for 
both sets of samples (Figure 6-6b), indicating that internal bias for samples with columnar 
grains may not be the sole contributor to the greater observed rates of degradation. Indeed, 
pinching of the hysteresis loops for both sets of samples is visible (Figure 6-7a and Figure 
6-7b), consistent with work on single-dose radiation studies, and indicating the presence of 
charged defects and/or defect dipoles, and potential pinning of internal interfaces.32,40 Such 
pinching, coupled with the observed asymmetric internal bias, makes exact interpretation 
of the Prem and EC trends difficult, as deconvolution of these effects is not trivial.  
 Meanwhile, piezoelectric and dielectric measurements as a function of DC electric 
field show severe degradation at low-fields (d33,f,rem, φN = 185´10-3 for columnar, φN = 
103´10-3 for equiaxed) and the relative abatement thereof at high-field measurements 
(d33,f,sat, φN = 7´10-3 for columnar, φN = -1´10-3 for equiaxed; and % dielectric tunability) 
(Table 6-4 and Figure 6-8). Li et al.25 and Bassiri-Gharb et al.24 have previously reported 
that increasing applied DC electric field significantly raises the threshold at which 
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nonlinear domain wall motion is initiated. At the low DC electric field used for d33,f,rem 
measurements, domain walls are largely mobile, and the previously-discussed radiation-
induced reduction of domain wall motion dominates the large degradation observed for 
both sets of samples. At substantially higher DC electric field (such as those used to 
measure d33,f,sat and percent dielectric tunability), domain wall motion is essentially 
restricted, and intrinsic factors, such as lattice strain and crystal anisotropy dominate the 
piezoelectric response. Prior work has shown that radiation-induced damage to the crystal 
lattice in gamma-irradiated PZT is virtually nonexistent, even at gamma radiation doses up 
to 10 Mrad.32 Accordingly, extremely mild trends of degradation are observed for 
measurements at high DC electric field, reflected in the essentially negligible values of φN, 
and flat degradation trends as shown in Figure 6-8. 
Additionally, we note that the values of φN for remanent and saturated piezoelectric 
responses (d33,f,rem and d33,f,sat) are somewhat similar to those observed for Prem and Psat, 
respectively, for both set of samples. This similarity is consistent with the fact the 
piezoelectric response often scales with the degree of coherent alignment of the 
polarization direction in the sample. In fact, piezoelectric response is often closely 
correlated to the polarization in ferroelectric materials, especially with decreasing film 
thickness below 1.5 µm.35 Consequently, the internal electrical bias and changes in the 
defect energy landscape causing pinching of the P-E loops are expected to also be present 
in the piezoelectric and DC field-dependent dielectric responses. Indeed, the presence of 
internal bias is noted in the piezoelectric response plots (Figure 6-7e and Figure 6-7f), as 
well as notable reductions in the irradiated positive remanent piezoelectric response 
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(d33,f,rem+), indicating that defects created/activated prevent the alignment of dipoles to 
some degree.  
 A final factor to consider is the effect of defect creation at locations where gamma 
rays interact with grain boundaries. Work by Claeys and Simoen suggested that in 
ferroelectric materials exposed to ionizing radiation, rates of trapped charge creation and 
activation are highly dependent on the surface area of grain boundaries with which the 
radiation interacts.218 They further noted that such trapped charges at grain surfaces can 
screen local polarization.218 Leray et al. also suggested that potential trapped charges in 
gamma-irradiated PZT are activated proportionally to exposed grain boundary area.101 
Grain boundary density is greater in samples with columnar grains (Table 6-3), and thus, 
incident gamma rays may create more trapped charges at grain boundary locations. While 
the previously-discussed effects of grain boundaries acting as defect sinks likely neutralizes 
these trapped charges and any extensive domain wall-pinning at those locations, the local 
charges potentially contribute further to the observed internal bias and previously-
discussed convolution of polarization/piezoelectric response trends. These phenomena are 
observed by slightly greater RID of Prem and d33,f,rem in columnar-grained samples (Figure 
6-6a, Figure 6-7e, Figure 6-7f, Figure 6-8). 
 
6.6 Conclusions 
PZT thin films processed with 2-MOE-based and methanol-based IMO solutions 
were fabricated resulting in films with columnar and equiaxed grain structures, 
respectively, and irradiated with 60Co gamma radiation from 0.2 to 10 Mrad(Si). 
 196 
Degradation trend data was fitted using a modified sigmoid function to quantify defect 
interactions in irradiated ferroelectrics, and the resulting values describing (1) the 
ferroelectric volume pinned per new defect, and (2) the effective rate of defect saturation, 
were compared. For films with both types of grain structures, significant amounts of 
degradation were observed for dielectric, ferroelectric, and piezoelectric properties. 
Compared to samples with columnar grains, those with equiaxed grains consistently 
showed greater rates of defect saturation and nonlinear degradation of response as a 
function of radiation dose, due to their larger grains and relatively lower density of grain 
boundaries acting as defect sinks, the presence of which can reduce nonlinear rates of 
defect saturation. 
Trends in the Rayleigh analysis indicate that pinning of domain walls is the 
dominant mode of dielectric response degradation. This effect is marginally greater in 
samples with equiaxed grains than those with columnar grains, potentially due to the larger 
grain size and correspondingly larger domains and more labile domain walls in the former. 
Greater initial dielectric response is quickly degraded in such samples, and greater percent 
degradation of extrinsic contributions to the dielectric response is thus observed. On the 
other hand, samples with columnar grains show slightly increased degradation of both 
polarization and piezoelectric responses at the high radiation doses studied here. The 
pinning energy of the domain walls as a result of irradiation is, however, somewhat limited 
to lower energies: in fact, low-field measurements of the dielectric, ferroelectric and 
piezoelectric response show substantial degradation, while high-field responses remain 
essentially unaffected by irradiation even at 10 Mrad.  
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The results presented in this study can be leveraged for the design of radiation-
tolerant devices that rely on ferroelectric thin films, such as for use in satellite or nuclear 
energy applications. The distinct trends in functional response degradation are strongly 
correlated to the microstructure of the PZT thin films, and can be used to tailor eventual 
device properties to meet the needs of a variety of radiation-tolerant applications. 
Furthermore, the quantification of the effects of radiation dose allows for a nuanced 
assessment of material performance across device exposure and lifetime. 
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Neumayer, Brian J. Rodriguez, Amit Kumar, Nazanin Bassiri-Gharb 




 This work investigates the role of crystallization layers’ periodicity and thickness 
on functional response in chemical solution-deposited lead zirconate titanate thin films, 
with periodic, alternating Zr and Ti gradients normal to the surface of the film. The films 
were processed with a range of layer periodicities and similar total film thickness, in order 
to relate the number of layers and compositional oscillations to structural and functional 
response changes. Trends of increased extrinsic contributions to the dielectric and 
ferroelectric responses are observed with increasing layer periodicity, but are 
counterpointed by simultaneous reduction of intrinsic contributions to the same. 
Transmission electron microscopy reveals in-plane crystallographic discontinuity at 
individual crystallization interfaces. Samples with smaller periodicity, and thus thinner 
layers, potentially suffer from grain size refinement and subsequent reduction in domain 
size, thereby limiting extrinsic contributions to the response. The strong compositional 
oscillations in samples with larger periodicity result in deep fluctuations to the tetragonal 
side of the phase diagram, potentially reducing intrinsic contributions to the response. 
Conversely, piezoresponse force microscopy results suggest that large chemical 
oscillations in samples with larger periodicity also result in closer proximity to the 
morphotropic phase boundary, as evidenced by local acoustic softening at switching, 




 Ferroelectric thin films find use in ferroelectric random access memories (FeRAM), 
thin film capacitors, infrared (IR) detectors, acoustic and ultrasound devices, and 
microelectromechanical systems (MEMS) sensors and actuators.1,229,230,232 Traditional 
processing of such films has often stressed chemical homogeneity in order to maximize 
dielectric, ferroelectric, and electromechanical responses.44,108,111 In lead zirconate titanate 
(PZT), the presence of a morphotropic phase boundary (MPB), which separates the 
rhombohedral and tetragonal (R/T) phases, has further increased interest in compositions 
with minimal chemical variation: enhanced polarizability arising from the coupling of 
phases in the vicinity of the MPB results in large increases to dielectric and piezoelectric 
responses, making compositions in its proximity extremely attractive.49,50 While attempts 
to obtain homogeneous PZT compositions near the MPB have become ubiquitous both in 
research and industrial applications, recent work on heterogeneous compositions and film 
structures that traverse the MPB have shown promising enhancements to ferroelectric and 
piezoelectric responses in increasingly thin films.248-250 
 A variety of approaches have been implemented to elucidate the effects of chemical 
heterogeneity in ferroelectric thin films. Theoretical methods have predicted large 
dielectric and piezoelectric anomalies in heterolayered epitaxial films.251,252 Experimental 
approaches, including discrete heterolayers, graded compositions, bi- and tri-layer 
superlattices, and other fabrication approaches have been employed to study interactions 
between dissimilar phases and layers in ferroelectric thin films.249,250,252-261 The majority of 
these have demonstrated some degree of enhancement to ferroelectric response, in addition 
to interesting polarization interactions and thermodynamic properties, such as unusual 
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phase change sequences and nonergodicity.261 Specifically, ferroelectric hetero-, bi-, and 
gradient-layers can show large enhancements of the overall dielectric, ferroelectric, and 
electromechanical responses of ferroelectric thin films.249,250,257,261 However, while 
functional response enhancements are often reported, the mechanisms by which such 
enhancements are derived are somewhat debated. Anbusathaiah et al., concluded that labile 
ferroelastic nanodomains in R/T bilayered PZT thin films contribute to giant 
electromechanical couplings in the films.250 Work by Mangalam et al., demonstrated nearly 
coherent strain in PZT R/T bi-layered and graded thin films, contributing to asymmetric 
bias profiles in the films, thereby resulting in increased tolerance to strain relaxation and 
enhanced ferroelectric properties.249 Others have suggested that electrostatic coupling, 
internal bias fields, interfacial asymmetry, and flexoelectricity contribute to increased 
polarizability and resulting enhancements of functional properties in ferroelectric 
superlattices.248,249,251,252,255,258,262,263 While the origins of response enhancement are 
perhaps multifaceted and not unequivocally elucidated, the fact remains that the 
overwhelming majority of these reports has concentrated on single-layer films with unique 
B-site cation (Zr/Ti) gradients, or unique bi-layers of rhombohedral and tetragonal 
compositions. 
 In this work, we investigate chemical solution deposition (CSD) of periodic PZT 
thin films deposited with alternating R/T layers across a range of layer periodicities. 
Attractive response enhancement has clearly been demonstrated for films spanning the 
MPB and leveraging the resulting phase boundary; by studying films of similar thickness 
but varying layer periodicity, we can elucidate the contributions of the periodicity of 
fluctuations in chemical heterogeneity to changes in functional response. Furthermore, we 
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can study potential contributions to the functional properties from the mobility of internal 
interfaces, e.g., phase boundary and domain wall motion, by correlating structural and 
chemical variations in the films to trends in their dielectric and ferroelectric responses. The 
study of periodically-layered, chemically-heterogeneous CSD thin films is expected to 
shed light on the interactions and mechanisms for response enhancement of PZT 
compositions in proximity to and traversing the MPB. 
 
7.3 Experimental Procedures 
 Periodic R/T (pR/T) PbZr0.53Ti0.47O3 (PZT) thin films were fabricated via CSD 
from precursor solutions with concentrations varying from 0.10M to 0.40M. The films 
were spin-coated on platinized 100-oriented, p-type Si wafers (675 µm Si // 500 nm thermal 
SiO2 // 35 nm sputtered TiO2 // 100 nm Pt), pyrolyzed at 400° C for 60 seconds to remove 
solvent and residual organic material, and annealed at 700° C for 60 seconds in a rapid 
thermal annealer after each deposited layer. A seed layer of 0.15M PZT, approximately 15 
nm thick, was deposited first to induce 100-texture in the subsequent PZT layers. The 
overall target thickness for all samples was ~200 nm. Thermodynamic and kinetic 
nucleation and growth factors, as described by Brooks et al.,264 and Calame and Muralt,265 
result in films with steep Ti/Zr cation gradients (and expected R/T phases, discussed later) 
normal to the thickness of the film across each individually-crystallized layer. Measured 
layer periodicity, Λmeas, was calculated using contact profilometry (KLA-Tencor P15 






where d is the film thickness (subtracting the seed layer thickness from the total measured 
thickness) and n is the number of crystallized layers.  
For comparison of crystallographic orientation, chemical composition, and film 
microstructure, multiple films were also fabricated using a traditional “multi-layer anneal” 
(MLA) method, where multiple layers are pyrolyzed together before a final crystallization 
anneal (see Figure 7-1).111 This method yields highly-homogenous CSD PZT thin films 
with good dielectric and electromechanical properties, as described elsewhere.111 
 
Figure 7-1 Illustration of the deposition and crystallization scheme for the (a) periodic 
(pR/T) and (b) multi-layer anneal (MLA) films. Note that the MLA films are studied 
for comparisons of microstructure and orientation; functional properties of similarly-
processed films have been reported elsewhere.111 
 Baseline X-ray diffraction (XRD) analysis of both the pR/T thin films as well as 
the MLA films for comparison was performed on PANalytical Alpha-1 using Cu Ka X-
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rays (Figure 7-2b). The periodicity of the pR/T films is investigated by the presence of 
satellite peaks centered around the 100- and 200-peaks of PZT (Figure 7-2a, Figure 7-2c), 
as described by Schuller.266 In addition to the previously-described method of determining 
each individual layer thickness, the stacking periodicity of the pR/T films were also 
determined using the Schuller formula:267 
 Λ^kll_, =
𝜆
2 sin 𝜃/ − 𝜃/rj
 7-2 
where λ is the wavelength of the X-ray beam and sin 𝜃/ − 𝜃/rj  represents the incident 
angle between two subsequent satellite peaks in the XRD trace. Comparisons of the 
Schuller periodicities, ΛSchuller, and measured periodicities, Λmeas, are shown in Table 7-1. 
Chemical fluctuations across the thickness of the films were studied through use of X-ray 
photoelectron spectroscopy (XPS) depth profiling (Figure 7-3) on a ThermoFisher K-




Table 7-1 Properties of CSD pR/T films. Comparison of layer periodicities, Λ, as 
measured via contact profilometry (taking into account the seed layer thickness), 
Λmeas, and by using the Schuller formula, ΛSchuller.266 The results show good agreement 
between Λmeas and ΛSchuller, with a maximum of 8% variation. Average grain sizes 























0.10 16 199 ± 6 93 11.5 ± 0.3 10.9 ± 0.1 6% 56 ± 3 
0.15 9 201 ± 6 96 20.7 ± 0.6 20.4 ± 1.6 1%  
0.20 7 211 ± 6 99 28.0 ± 0.8 26.4 ± 1.2 6%  
0.25 6 216 ± 6 98 33.5 ± 1.0 32.3 ± 0.6 4%  
0.30 5 205 ± 6 99 38.0 ± 1.1 41.5 ± 1.9 8% 67 ± 4 
0.35 4 208 ± 6 99 48.3 ± 1.4 49.1 ± 2.2 2%  
0.40 4 241 ± 7 98 56.5 ± 1.7 57.6 ± 1.7 2%  
0.40 3 190 ± 6 99 58.3 ± 1.7 58.8 ± 0.1 1% 89 ± 4 
MLA 
(0.40) 
4 232 ± 7 
99 






Figure 7-2 X-ray diffraction (XRD) crystallographic phase analysis of periodic (pR/T) 
films and multi-layer anneal (MLA) films for comparison. (a) and (c) highlight details 
of the 100- and 200-PZT peaks, respectively. Films are labeled with the molarity of 
the precursor solution used and the number of layers deposited. Film thicknesses, 




Figure 7-3 X-ray photoelectron spectroscopy (XPS) depth profiling shows 
composition profiles of (a) Zr and (b) Ti through the thickness of the PZT film. Each 
tick on the y-axis represents 5% composition of the respective cation.  
To further investigate internal interfaces in the films, transmission electron 
microscopy (TEM) was performed on selected samples. Cross-sections were prepared on 
an FEI Nova 600 (Hilsboro, Oregon, USA) dual-beam instrument using standard protocols. 
(S)TEM and energy dispersive X-ray spectroscopy (EDX) analyses were performed on a 
Philips TF20 (Amsterdam, Netherlands) at 200 kV and equipped with an EDAX Phoenix 
EDX (Philips, Amsterdam, Netherlands) system. EDX spectrum images were acquired 
with low dwell times and summed to improve the signal-to-noise ratio and minimize 
damage/contamination. The intensity of the Zr and Ti Kα lines was determined by 
background subtraction/integration (HyperSpy).268 The Zr composition was estimated 
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using the Cliff-Lorimer analysis of the Zr/Ti ratio.269 The k-factor was estimated from the 
MLA sample assuming a Zr content of x ≈ 0.53 for the median ratio of intensities from the 
Zr and Ti profiles and applied to both samples.269 This estimate provides good agreement 
with the XPS data, revealing Zr enrichment in the narrow uppermost portion of each 
deposited layer, possibly leading to slightly more rhombohedral structure. Results of 
bright-field TEM (BF-TEM) imaging, integrated EDX profiles, and high-angle annular 
dark field (HAADF) imaging are shown in Figure 7-4. Due to the relatively fine spatial 
fluctuations of composition, balancing the signal-to-noise ratio and sample damage under 
the electron beam, EDX analysis was not practical on the 0.10M (16-layer) film. 
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Figure 7-4 Transmission electron microscopy (TEM) of (a, b, c, d) selected periodic 
R/T (pR/T) and (e, f) multi-layer anneal (MLA) samples. The bright-field (BF-TEM) 
images (a, b, c, e) show regions of mottled contrast, and some degree of discontinuity 
at layer interfaces, especially for the 0.30M, 5-layer pR/T film in (c), and a stark 
change in orientation at the central layer interface in the MLA film (e), suggesting 
that the crystallization interfaces play a critical role in the films’ structure. Lines have 
been added to guide the eye on (b) and (c) according to layer interfaces. Energy 
dispersive X-ray spectroscopy (EDX) and high-angle annular dark field (HAADF) 
imaging (d, f) were undertaken for the 5-layer SL film and the MLA film, confirming 
the compositional gradients shown in the XPS data (Figure 7-3). Notably, the depth 
of Ti fluctuations are more dramatic than the corresponding Zr fluctuations in the 
same layer, due to asymmetric nucleation and growth behavior (see also Figure 7-8). 
Due to the fine spatial fluctuations of composition within the 16-layer film along with 
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the necessity of balancing the signal-to-noise ratio and damage under the electron 
beam, it was not practical to perform the same EDX analysis on that film. 
 Dielectric, ferroelectric, and piezoelectric characterization were performed on all 
samples following fabrication. The measurements included, in order, low-field permittivity 
(εr), polarization-electric field hysteresis (P-E), dielectric permittivity as a function of AC 
electric field amplitude (εr-EAC), dielectric permittivity-DC field tunability characterization 
(εr-EDC), and macroscopic piezoelectric response as a function of DC electric field (d33,f-
EDC). Specific measurement parameters are found in the Supplemental Materials. Samples 
were poled with an applied DC bias at ambient temperature for 600 s at approximately five 
times the coercive voltage, VC, directly before macroscopic electromechanical 
measurements, in order to maximize out-of-plane polarization contributions to the 
piezoelectric response. A summary of these measurements is available in Table 7-2. The 
Rayleigh approach was used to study intrinsic and extrinsic contributions to the dielectric 
response by analysis of the AC field-dependent permittivity.24 The analysis quantifies 
reversible contributions (εinit) due to reversible domain wall motion and lattice vibration 
via the intercept of the AC field-dependent dielectric response; as well as irreversible 
contributions (α), including from domain wall and phase boundary motion, via the slope of 
the response. 
Low-field dielectric permittivity (εr) measurements were conducted at 100 mV and 
1 kHz using an Agilent 4284A precision LCR meter. Polarization-electric field (P-E) 
hysteresis loops were performed up to fields of 300 kV/cm at 100 Hz, using a Radiant P-
PM2 ferroelectric test system. Nonlinear AC dielectric permittivity (εr-EAC) was analyzed 
up to approximately 60 kV/cm at 1 kHz. DC electric field-dependent dielectric permittivity 
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(εr-EDC) measurements were performed up to 300 kV/cm DC bias with an overlapping 
small-signal 100 mV at 1 kHz. Measurements of the converse, effective longitudinal 
piezoelectric response (d33,f) as a function of DC field (d33,f-EDC) were performed on an 
aixACCT double beam laser interferometer (DBLI) up to 300 kV/cm DC bias with an 
overlapping AC signal VAC ≈ 0.5Vc. All measurements reported are subject to experimental 
error up to 3-5%, due to sample variability. The vertical shift in the polarization-field (P-





where Prem+ and Prem- are the values of the positive and negative remanent polarization, 
respectively. Similarly, the horizontal shift of the electric field in both the P-E and d33,f-





where EC+ and EC- are the positive and negative coercive fields, respectively. The dielectric 
tunability is calculated using the expression 
 𝑑𝑖𝑒𝑙𝑒𝑐𝑡𝑟𝑖𝑐	𝑡𝑢𝑛𝑎𝑏𝑖𝑙𝑖𝑡𝑦 = 	
𝜀wt,p]x − 𝜀wt,p/F
𝜀wt,p]x
 7-5  
where 𝜀wt,p]x  and 𝜀wt,p/F are the maximum and minimum values of the dielectric 
permittivity under DC field measurements, respectively. 
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Table 7-2 Measured dielectric permittivity, loss tangent, polarization, and effective 
longitudinal piezoelectric responses for periodic R/T PZT thin films. Uncertainties 
expressed represent standard deviation to one significant figure. Measurement values 
are reported to the same decimal place as uncertainty for said measurement.172 
Precursor Solution 
Molarity (M) 0.10 0.15 0.20 0.25 0.30 0.35 0.40 0.40 
Number of Layers 16  9  7  6  5  4  4  3  
Low-field Dielectric         
ε
r 760 ± 40 800 ± 30 720 ± 20 680 ± 20 690 ± 40 740 ± 20 790 ± 40 690 ± 30 
tan(δ) (%) 1.5 ± 0.1 1.5 ± 0.1 1.4 ± 0.2 1.6 ± 0.2 1.6 ± 0.1 1.6 ± 0.2 2.1 ± 0.1 1.6 ± 0.1 
Rayleigh Analysis         
ε
init
 780 ± 40 760 ± 10 730 ± 40 682 ± 7 675 ± 7 740 ± 30 780 ± 60  730 ± 50 
α (cm/kV) 2.3 ± 0.3 2.1 ± 0.1 2.4 ± 0.2 2.4 ± 0.1 2.3 ± 0.1 2.8 ± 0.2 3.7 ± 0.6 2.7 ± 0.2 
α/ε
init
 x103 (cm/kV) 3.0 ± 0.3 2.8 ± 0.1 3.2 ± 0.2 3.5 ± 0.2 3.4 ± 0.1 3.8 ± 0.2 4.8 ± 0.5 3.7 ± 0.2 
Polarization         
P
saturation
 (µC/cm2) 33.5 ± 0.9 34 ± 1  35 ± 2 34.1 ± 0.6 35.4 ± 0.8 36.0 ± 0.5 36 ± 1 35.3 ± 0.8 
P
remanent
 (µC/cm2) 12.7 ± 0.6 12.9 ± 0.4 14 ± 1 13.9 ± 0.2 15.4 ± 0.4 15.6 ± 0.1 15.7 ± 0.6 16.1 ± 0.8 
EC+ (kV/cm) 56 ± 3 56 ± 5 52 ± 9 64 ± 2 62 ± 2 57 ± 3 53 ± 4 53 ± 1 
EC- (kV/cm) -91 ± 2 -92 ± 5 -95 ± 7 -101 ± 7 -102 ± 4  -100.5 ± 7 -95 ± 7 110 ± 2 
Einternal,P (kV/cm) -17 ± 2 -18 ± 3 -21 ± 2 -18 ± 4 -20 ± 1 -22 ± 4 -21 ± 3 -29 ± 2 
ΔP/2 (µC/cm2) 1.9 ± 0.2 2.0 ± 0.4 2.5 ± 0.3 2.0 ± 0.3 2.5 ± 0.1 2.8 ± 0.4 3.0 ± 0.3 3.4 ± 0.2 
εr-EDC         
% Diel. Tunability 69.1 ± 0.5 68.5 ± 0.6 68.2 ± 0.1 66.8 ± 0.7 67.4 ± 0.8 67.4 ± 0.2 70 ± 1 68.4 ± 0.1 
ε
DC,low-field
 900 ± 10 890 ± 10 842 ± 4 788 ± 9 790 ± 20 815 ± 3 880 ± 40 790 ± 40 
Piezoelectric (poled)         
d
33,f,saturation 
(pm/V) 51 ± 2 52 ± 2 51 ± 5 50 ± 3 52 ± 2 49 ± 1 49 ± 3 49 ± 3 
d
33,f,remanent 
(pm/V) 24 ± 1 26 ± 2 29 ± 1 29 ± 2 30 ± 1 29 ± 1 31 ± 2 31 ± 2 
Einternal,piezo,poled 
(kV/cm) -20 ± 1 -20 ± 1 -22 ± 3 -24 ± 5 -25 ± 1 -24 ± 2 -22 ± 2 -28 ± 1 
Piezoelectric 
(unpoled)         
d
33,f,saturation 
(pm/V) 48 ± 2 51 ± 1 52 ± 4 50 ± 1 52 ± 3 50 ± 2 50 ± 1 49 ± 3 
d
33,f,remanent 
(pm/V) 19 ± 5 22 ± 3 25 ± 3 23 ± 3 24 ± 2 24 ± 2 27 ± 2 27 ± 2 
Einternal,piezo,unpoled 
(kV/cm) -15 ± 2 -15 ± 2 -18 ± 5 -17 ± 3 -18 ± 2 -19 ± 1 -17 ± 2 -22 ± 1 
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 In order to sample the local piezoelectric response and probe for structural phase 
transitions, band excitation piezoresponse force microscopy (BE-PFM) was performed 
using an Asylum Research Cypher (Santa Barbara, California, USA) atomic force 
microscope (AFM). BE-PFM switching spectroscopy (BE-SSPFM) was employed to 
monitor changes in the local hysteresis loops and resonant frequency of the films (Figure 
7-5). BE-SSPFM was performed on a 50 × 50 grid over a 2 µm × 2 µm area. A composite 
map of the piezoresponse amplitude for each point of the grid at the first step of the 
waveform before applying DC voltage pulses is shown in Figure 7-5c (bottom).  
 
Figure 7-5 (a, b, c) Plots of piezoresponse and resonant frequency responses gathered 
via band-excitation piezoresponse force microscopy (BE-SSPFM) and averaged over 
multiple points from a 2 µm × 2 µm area. Notable is the acoustic softening of the 
resonant frequency in (c, top). Similar acoustic softening was not observed in other 
samples (a, b) (noted that piezoresponse is represented in arbitrary unites (a.u.), but 
the range is the same for each measurement). Also notable are small bumps or spikes 
in the piezoresponse at corresponding locations to the acoustic softening in (c, top). 
(c, bottom) shows a composite map of the piezoresponse amplitude for each point of 
the 50 × 50 grid at the first step of the waveform before applying DC voltage pulses 
(20 V), and outlines the area averaged for (c, top). (d) shows the relative magnitude 
of the resonant frequency responses from measurements up to 20 V, demonstrating 
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the comparatively large change in the 0.40M film due to acoustic softening relative to 
the other two films with lower periodicity.  
 AFM measurements of the surface topography of selected samples was performed 
prior to BE-SSPFM (Figure 7-6) to compare lateral surface grain sizes in selected pR/T 
and MLA films (see Table 7-1). Grain sizes were determined via the average grain intercept 
(AGI) method. AFM measurements on selected pR/T samples was performed with an 
Asylum Research Cypher; measurements on the MLA film was performed with a Veeco 
3100. Deflection measurements were not taken on the MLA sample. Images were flattened 
with a first order fitting to account for variations in the images due to sample mounting. 
 
Figure 7-6 Atomic force microscopy (AFM) scans of selected pR/T and MLA, showing 
differences in surface microstructure. Calculated grain sizes are reported in Table 
7-1. 
  
pR/T 0.40M, 4 Layer pR/T 0.30M, 5 Layer pR/T 0.10M, 16 Layer MLA 0.40M, 4 Layer
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7.4 Results 
 Fabrication of CSD PZT thin films annealed after deposition and pyrolysis of each 
layer showed strong evidence of periodic changes in chemical composition (Figure 7-3, 
Figure 7-4d, Figure 7-4f) and structural changes (Figure 7-2, satellite peaks) through the 
thickness of the films. Thermodynamic and kinetic factors drive heterogeneous Ti-rich 
nucleation at the substrate-film interface during crystallization, followed by growth of a 
Zr-rich phase, thus forming the compositional gradient and accompanying R/T phases in 
the crystallized PZT film.265,270 XPS measurements (Figure 7-3a, b) confirmed strong Zr/Ti 
chemical gradients for the films processed in the range of 0.20M to 0.40M precursor 
solutions. However, the films processed with 0.10M and 0.15M solutions showed flatter, 
less distinct gradients, potentially due to cation interdiffusion between the relatively thin 
layers, or insufficient instrumental resolution of chemical fluctuations (individual 
crystallized layers are 10 to 20 nm in this range). The compositional gradients normal to 
the surface of the films are further confirmed via EDX as shown in Figure 7-4d and Figure 
7-4f for selected samples (see also Figure 7-8b, discussed later), showing up to 4% 
compositional variation in either direction from the initial composition of x = 0.53. These 
chemical variations, especially in the samples with thicker layers, are expected to 
demonstrate local extremes in composition up to PbZr0.57Ti0.43O3 and PbZr0.49Ti0.51O3, 
corresponding to purely rhombohedral and tetragonal phases in bulk PZT, respectively. 
Thus, we expect that the alternating Zr/Ti gradients exhibited by the samples in this work 
yield some degree of periodic R/T phases. 
 XRD crystallographic orientation analysis of the films showed distinct satellite 
peaks for films fabricated in the range of 0.15M to 0.40M precursor solutions (Figure 7-2), 
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indicating that the interfaces between Zr/Ti regions of each layer and parallel to the 
substrate exhibit a large degree of coherency.266 Calculations of the Schuller periodicities, 
ΛSchuller, showed excellent agreement (≤ 8% variation) with calculations of the measured 
periodicity, Λmeas (Table 7-1), consistent with the periodic nature of the fabricated films.266 
Both sets of films showed only perovskite peaks with a large degree of 100-texture (> 93% 
Lotgering factor for all films, reference powder diffraction file (PDF) 04-016-2735, Table 
7-1).  
 Figure 7-7 shows trends in measured dielectric, ferroelectric, and macroscopic 
piezoelectric responses as a function of layer periodicity in the films. At low AC electric 
field, dielectric permittivity (εr) showed a moderate decreasing trend and the dielectric loss 
tangent, tan(δ), exhibited a slight increasing trend (Figure 7-7a) with increasing periodicity. 
At intermediate AC electric fields, the results of the Rayleigh analysis show an increase of 
α with increasing layer periodicity (Figure 7-7b). On the other hand, εinit (Figure 7-7b), 
shows a minor decreasing trend with increasing periodicity. Accordingly, trends in the ratio 
α/εinit, generally follow those observed for α, i.e., overall increasing extrinsic contributions 
in films with larger layer periodicities (Figure 7-7c).  
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Figure 7-7 Functional response characterization for (a) low-field dielectric, (b) AC 
nonlinear dielectric, (c) Rayleigh ratio and % dielectric tunability, (d) polarization, 
(e) coercive field, and (f) piezoelectric responses as a function of layer periodicity. 
Lines have been added to guide the eye. Note the increasing trends for dielectric loss 
tangent, polarization, extrinsic contributions to dielectric response, and remanent 
piezoelectric response, suggesting domain wall motion is increased in films with larger 
layer periodicity. Conversely, slight decreasing trends in the low-field permittivity 
and intrinsic contributions to response with increasing layer periodicity are observed. 
Error in the periodicity is calculated from ΛSchuller. 
 Trends in the coercive field, both positive and negative (EC+ and EC-, Figure 7-7e), 
suggest that a relatively large internal bias is developed with greater layer periodicity (see 
also Figure 7-9c). A similar shift towards the positive direction of asymmetry in remanent 
polarization, ΔP/2, is noted (Figure 7-9b). This shift indicates increasing self-polarization 
with increased periodicity.58  
Figure 7-4a to Figure 7-4c, and Figure 7-4e show representative bright field (BF-
)TEM images of selected pR/T films and a multi-layer anneal (MLA) film for comparison 
of microstructure. Figure 7-4d and Figure 7-4f show Zr and Ti elemental maps and 
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corresponding integrated line profiles from the 5-layer 0.30M pR/T and 6-layer 0.40M 
MLA films, respectively. HAADF intensity line profiles (Figure 7-4d and Figure 7-4f) 
along the PZT films show maxima in intensity in the Zr-rich regions due to the high 
sensitivity of HAADF contrast to atomic number, Z. Due to the polycrystalline nature of 
the films, the BF-TEM images of both the pR/T and MLA films show extensive regions of 
mottled contrast, which are attributed to variations in grain and/or domain structure (see 
also Figure 7-10). The (16-layer) 0.10M pR/T film in Figure 7-4a and Figure 7-4b exhibits 
a relatively continuous contrast throughout the film thickness whereas the (5-layer) 0.30M 
pR/T and MLA films (in Figure 7-4c and Figure 7-4e, respectively) demonstrate somewhat 
columnar crystallites. However, a stark change in contrast of crystallites at the central 
crystallization interface in the MLA film (Figure 7-4e) is observed and likely arises from 
slight changes in the in-plane crystallographic orientation, resulting in a discontinuity 
between the layers. This is a representative example and similar variations in contrast are 
observed throughout the cross-section which is several µm long, suggesting that this is a 
common feature to the MLA sample and not simply confined to one location. Similarly, 
regions of relative discontinuity at film-layer interfaces are observed in the pR/T films 
(Figure 7-4b and Figure 7-4c), further suggesting that the crystallization interfaces play a 
critical role in determining the properties of these films. In the (5-layer) 0.30M pR/T film, 
these changes in contrast in the BF-TEM image coincide with large increases in the Zr 
concentration, with x up to ~0.60. Therefore, they likely arise from a combination of both 
changes in density of the material and slight changes in crystallography since this 
composition lies towards the rhombohedral portion of the phase diagram.  
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 BE-SSPFM results show characteristic piezoresponse hysteresis loops, with 
switching voltages in the range of 2 to 15 V, and generally increasing with film layer 
periodicity. The effects of charging in the 0.10M and 0.30M samples are noted in the 
piezoresponse hysteresis loops at high electric field through the noses at the end of the 
loops (Figure 7-5a right, Figure 7-5b right). The contact resonant frequency extracted from 
simple harmonic oscillator (SHO) fitting of the measured piezoresponse vs. excitation 
frequency was monitored, as it is sensitive to changes in lattice stiffness.271 Namely, 
“acoustic softening” (i.e., large reductions in the stiffness of the locally-interrogated 
material) can indicate potential phase transitions, especially if accompanied by local 
enhancements of the piezoelectric response, as demonstrated by Vasudevan et al.271 It has 
been reported that some degree of acoustic softening is typically observed at ferroelectric 
switching, but that such softening is expected to increase dramatically when it is the result 
of field-induced phase transitions.271 Substantial acoustic softening (~4% reduction to 
contact resonant frequency) was observed in local regions in the pR/T film processed with 
0.40M (4 layer) precursor solution (Figure 7-5c and Figure 7-5d). Similar effects were not 
observed in other samples at both low and high applied tip voltages (Figure 7-5a, Figure 
7-5b, Figure 7-5d). 
 
7.5 Discussion 
The observed trends of greater dielectric irreversible Rayleigh coefficient (α) with 
increasing layer periodicity signal potentially increased extrinsic contributions – e.g., from 
domain walls or phase boundary motion – in samples with thicker crystallized layers. 
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However, these results are counterpointed by the slight tendency of decreasing εinit 
contributions to the dielectric response with increasing film periodicity, suggesting a 
complex interaction of the compositional interfaces in the films, or alternatively, due to the 
chemical excursions away from the MPB. Grain and domain size effects, pinning of 
hysteretically and nonlinearly mobile internal interfaces, chemical heterogeneity, and 
residual stresses inevitably play critical roles in determining the effects of crystallized layer 
thickness in the periodic-layered pR/T PZT films studied here. In the following discussion, 
we consider several of the possible contributions to the observed trends in functional 
response. 
 Discontinuity at the crystallization interfaces, both in the grain/domain structure 
and crystallite orientation are readily visible in the TEM analyses (Figure 7-4b, Figure 7-4c, 
and Figure 7-4e). Despite the strongly-columnar texture of the films (Figure 7-4c and 
Figure 7-4e), the crystallites extending through the thickness of the film do not necessarily 
maintain consistent in-plane orientation, as evidenced by the contrast changes across the 
crystallization interface (Figure 7-4e). This observation is important since these 
discontinuities in the MLA film suggest that the density of such interfaces and the number 
of anneals can have a substantial impact on the crystallography throughout the film 
thickness, and hence the overall functional properties of the film. Based on the observations 
here, the most abrupt discontinuities arise for films with thicker as-deposited layers and 
hence, fewer anneals. When annealing the samples more frequently (i.e., lower periodicity 
and thinner crystallized layers), exposure to higher crystallization temperatures allows for 
increased diffusion and therefore less abrupt crystallization interfaces, thus reducing the 
presence of satellite peaks in the corresponding XRD data (Figure 7-2). Such changes in 
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crystallography through the film thickness may result in grain size reduction for samples 
with smaller layer periodicity, through limitation of the maximum out-of-plane grain size 
to the individual layer thickness (Table 7-1). Such reduction is consistent with AFM 
measurements of lateral grain size, as performed on the films’ surface (Table 7-1). 
Numerous reports have shown that domain size (and thus wall mobility) in ferroelectric 
materials scales with grain size.243,244 In smaller grains where smaller domains are 
expected, domain walls are bound to exhibit reduced mobility, due to greater chances of 
interaction with other defects, including grain boundaries and domain walls – potentially 
resulting in diminished extrinsic contributions to the dielectric response. These scaling 
effects are consistent with reduced α and lower polarization and remanent piezoelectric 
response (d33,f,rem) in samples with thinner crystallized layers. However, while grain size 
reductions can explain trends in extrinsic contributions to the dielectric and ferroelectric 
responses, it cannot fully account for the trends in intrinsic contributions shown in Figure 
7-7. Below, we consider other factors impacting observed trends in the intrinsic and 
extrinsic contributions to the response. 
While the proximity of the PZT composition to the morphotropic phase boundary 
generally results in favorable enhancements of dielectric and electromechanical responses, 
there are differences in intrinsic and extrinsic contributions for compositions on either side 
of the MPB. Rhombohedral compositions (Zr > 0.53) generally demonstrate greater values 
of α than tetragonal compositions at an equal distance from the phase boundary.48,51 
Coupled with the magnitude of chemical oscillations through the thickness of the film, such 
asymmetry can lead to additional dependence of functional response on periodicity. 
Chemical fluctuations from the mean composition will inevitably traverse regions of the 
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phase diagram that offer varying levels of both extrinsic and intrinsic dielectric response. 
For samples with higher periodicity (thicker layers), these deviations from the mean 
composition are of greater magnitude than for samples with smaller periodicity, as 
illustrated in Figure 7-8a. Hence, the latter show, on average, a more homogeneous 
composition. On the other hand, as noted in the EDX data, the spatial extent of Ti chemical 
fluctuations are greater than those of Zr, which is especially apparent in the films processed 
with larger layer periodicity. Results of higher spatial resolution EDX analysis for a single 
layer of the (5 layer) 0.30M pR/T film in Figure 7-8b show that through the thickness of 
the film, the Ti-rich zones are significantly thicker (> 60 % of the layer thickness) than the 
corresponding Zr-rich regions with a notable compositional gradient stretching over 
several nm. These significant chemical oscillations in the direction of the Ti-rich 
composition (i.e., greater compositional heterogeneity) correlate with the substantial 
reductions to the intrinsic response, εinit, with increased layer periodicity discussed 
above.272,273 For the samples with small periodicity, their more homogeneous composition 
prevents compositional oscillations of similar magnitude, and corresponding reductions to 
the intrinsic response are relatively absent. 
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Figure 7-8 (a) Chemical fluctuations across the thickness of the film vary in 
magnitude dependent on layer periodicity. Films with lower periodicity show less-
intense fluctuations (a, left), while those with greater periodicity are able to approach 
the MPB (a, right), thus enhancing extrinsic contributions to response. However, 
chemical gradients begin with strong nucleation of Ti, simultaneously driving lower 
intrinsic response on the tetragonal side of the diagram for films with greater 
magnitude of cation fluctuations. (b) EDX profiles of the Zr and Ti content in an 
individual layer of the 0.30M (5-layer) pR/T film. The Zr profile is shown in (b, right) 
oscillating over the initial composition of 53% Zr, showing the greater Ti content in 
each individual layer (red). (c) Diagram showing dielectric and electromechanical 
response as a function of mole percent PbTiO3. The morphotropic phase boundary 
(MPB) is shown as the vertical dotted line. The initial PbZr0.53Ti0.47O3 composition 
used in this work is shown as a blue “X” on the diagram. With tensile stress induced 
in the PZT thin film during crystallization anneals via the SiO2 layer and Si substrate, 
the PZT composition can effectively shift to the tetragonal side of the MPB (shown as 
red “X” on the diagram).  
Thermal loading during crystallization can potentially result in large variations in 
residual stress in ferroelectric thin film material stacks. Numerous studies have shown that 
residual stresses can effectively shift the MPB, thus modifying the transition temperature, 
TC.52-55 In PZT thin films, biaxial compressive stresses can result in a T to R phase 
transition, while tensile stresses have been shown to shift MPB compositions towards the 
tetragonal phase.52,53 Given the initial proximity of the PZT precursor solutions to the MPB, 
the expected tensile stresses in 200 nm-thick films (reported up to 180 MPa)274 can 
 225 
potentially push the effective average composition into the tetragonal region of the phase 
diagram. This concept is demonstrated in Figure 7-8c, showing initial composition 
PbZr0.53Ti0.47O3, and an effective “stressed composition” after crossing the MPB. From the 
stressed composition on the tetragonal side of the MPB, the previously-discussed effects 
of large chemical excursions towards the tetragonal side of the phase diagram further 
exacerbate the potential reductions to intrinsic dielectric response.  
 The results of BE-SSPFM experiments show evidence of localized potential phase 
transitions that further support the hypothesis of deeper chemical excursions, and thus, 
closer proximity to the MPB in the sample with the highest periodicity. A relatively 
dramatic reversible acoustic softening occurs specifically in the 0.40M, 4-layer sample 
(Figure 7-5c), where Zr/Ti cation gradients are enhanced over a wide region. However, 
while evidence of possible phase transitions is available in the acoustic softening of the 
0.40M sample, the corresponding changes to piezoresponse observed are somewhat limited 
(Figure 7-5c top, notable as small steps corresponding to ferroelectric switching). 
Meanwhile, similar effects are not observed in the other films; we discuss multiple size- 
and chemical heterogeneity-related potential causes for this. First, in the samples with 
thinner layers, deficient chemical fluctuations do not result in sufficient proximity to the 
MPB to yield an R/T phase transition. The individual crystallization layers of the 0.40M 
samples are nearly 20% thicker than the 0.35M sample (Table 7-1), allowing for a greater 
level of chemical fluctuation in the 0.40M samples. Second, the 0.40M, 4-layer film is the 
sample with the greatest total thickness, and 10 to 20% thicker than all other films studied 
here, including the 0.40M, 3-layer and 0.35M, 4-layer films whose Zr/Ti fluctuations are 
also relatively dramatic (Figure 7-3). Thinner films are likely more susceptible to the 
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previously-mentioned effects of residual stress. The effective composition of PZT in 
thinner films conceivably shifts even further from the MPB composition compared to the 
thicker 0.4M, 4-layer sample, to the point that even large chemical oscillations are not close 
enough to the MPB to observe R/T phase transitions and accompanying acoustic softening. 
While film thickness may affect susceptibility to residual stress effects, we note that the 
functional response trends in Figure 7-7 do not correlate with trends related to total film 
thickness (see Figure 7-11). Additional contributions from flexoelectric effects and Vegard 




Successful processing of polycrystalline PZT thin films with periodic 
heterogeneous Zr/Ti oscillations has been demonstrated across a range of layer 
periodicities, with compositional gradients normal to the surface. XRD and the Schuller 
formula show good agreement of satellite peak locations with measured layer periodicities, 
suggesting some degree of superlattice-like coherency between phases in the material; 
rhombohedral/tetragonal phases are expected to correspond to the Zr-/Ti-rich zones of 
individual layers, respectively. Trends in the measured functional response show strong 
dependencies of dielectric, ferroelectric, and electromechanical response on layer 
periodicity. Notably, remanent and saturation polarizations, remanent piezoelectric 
response, and extrinsic contributions to the dielectric response show strong increasing 
trends with increasing layer periodicity, suggesting increased mobility of internal 
 227 
interfaces, e.g., domain walls and phase boundaries. On the other hand, minor decreasing 
tendencies are noted for the low-field permittivity and intrinsic contributions to dielectric 
response with increasing layer periodicity, suggesting a complex interaction in the samples 
that exceeds simple variations in domain wall mobility.  
Crystallization interfaces are thought to strongly influence grain size and structure, 
resulting in grain and domain size refinement in samples with thinner layers, and 
corresponding reductions to domain wall motion. On the other hand, the magnitude of 
chemical fluctuations greatly affects functional response: asymmetric chemical oscillations 
towards the tetragonal side of the MPB result in decreased intrinsic contributions to the 
dielectric response in samples with larger chemical gradients, i.e., larger periodicity. 
Residual stress effects potentially push the effective composition of the films further to the 
tetragonal side of the MPB, additionally exacerbating the effects of compositional 
oscillations. These results suggest that crystallization interface number density and 
compositional gradients are strong contributors to functional responses trends of CSD-
processed ferroelectric thin films through modification of film structure (e.g., grain size) 
with respect to their epitaxial, single-crystalline counterparts. These findings can be 
employed to tailor the functional response of ferroelectric thin films for microelectronics 
applications, by engineering the chemical heterogeneity and number of crystallization 
interfaces within the film. 
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7.7 Supplemental Materials 
7.7.1 Additional Piezoresponse Force Microscopy Considerations 
We consider the effects of Vegard strains as a result of applied pressure from the 
PFM probe. Defect motion as a result of applied pressure from PFM probe tips has been 
strongly correlated to grain size and chemical composition, and can result in changes to the 
ferroelectric transition temperature.275,276 It is possible that the grain size differences as a 
function of layer periodicity (as discussed in the main section) result in local fluctuations 
of the transition temperature with the pressure of the applied probe during BE-SSPFM 
measurements, potentially masking evidence of phase transitions in those experiments. We 
also note that the observed softening of the resonant frequency (Figure 7-5) is unlikely to 
be the effects of local charge injection, the effects of which are typically associated with 
thinner films. Comparison of the two samples processed with 0.40M solutions showed that 
substantially greater softening occurs in the thicker of the two samples: 241 nm with 4 
crystallized layers vs. 190 nm thick from 3 deposited layers, and is thus not likely to result 
from simple charge injection. 
 
7.7.2 Flexoelectric Contributions 
Possible contributions of the flexoelectric effect – i.e., polarization generated in a 
solid through application of a strain gradient – to the observed trends in functional response 
as a function of periodicity should also be considered.262 While flexoelectric contributions 
are typically small and difficult to fully separate from piezoelectric properties in 
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ferroelectric-phase materials, their presence has been proposed in (heterostructured) 
epitaxial PZT thin films.248,249 Specifically, large strain gradients in thin films potentially 
arise from misfit lattice strain and due to the presence of internal interfaces, leading to 
flexoelectric couplings in the material. The strain-induced flexoelectricity can 
subsequently create large internal bias fields, breaking internal field symmetry and 
resulting in changes to the functional properties of such films.248 In the pR/T PZT thin films 
studied here, large Zr/Ti chemical gradients (and the expected R/T phase transitions) 
inevitably lead to some amount of lattice mismatch, exacerbated in samples with greater 
layer periodicity. In fact, in the pR/T samples, the greater magnitude of chemical 
fluctuations is correlated with increasing levels of internal bias, both in the P-E and d33-
EDC hysteresis loops (Figure 7-9b and Figure 7-9c). This large internal electrical bias in 
samples with larger layer periodicity suggest that flexoelectric effects potentially affect 




Figure 7-9 (a) Sample P-E hysteresis loops showing potential shifting in the negative 
horizontal electric field direction. (b) shows the vertical shift in polarization, ΔP/2, 
calculated from the P-E loops. (c) shows the horizontal shift in electric field, Einternal, 
extracted from both the P-E loops and d33-EDC hysteresis loops. Trends in (c) suggest 
strong internal biases developed with increasing layer periodicity. Error in the 
periodicity is calculated from ΛSchuller. 
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7.7.3 Transmission Electron Microscopy Imaging of Ferroelectric Domains 
Transmission electron microscopy (TEM) showed potential striped domain 
structures in the 0.30M, 5-layer PZT thin film pR/T sample (Figure 7-10). Due to resolution 
limitations, similar images in the 0.10M, 16-layer film were not possible. No significant 
variations in domain structure is observed corresponding to Zr/Ti fluctuations through 
individual layers, though general discontinuities in domain structure are observed at 
individual layer interfaces.  
 
Figure 7-10 Cross-sectional transmission electron microscopy (TEM) of a 0.30M, 5-
layer PZT thin film pR/T sample, showing potential striped domain structures. 
 
7.7.4 Film Thickness Effects 
 Variations in processing conditions and indivisible layer thicknesses (e.g., a 0.40M 
precursor solution results in individual layer thickness of ~60 nm, hence the total film 
thickness is either ~180 nm or ~240 nm (discounting the seed layer)) resulted in deviations 
from the 200-nm target film thickness by up to ~20% (see Table 7-1). Numerous previous 
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reports have studied scaling effects in perovskite-phase ferroelectrics, showing strongly-
decreasing trends of functional properties with reduced film thickness.37,244 Figure 7-11 
shows literature data from a variety of studies on polycrystalline thin-film ferroelectrics, 
compared to the present work.35,244,277-284 Logarithmic trendlines are fit to the data from 
this work to guide the eye in the inset plots. Neither εr or d33,f,sat showed a strong trend 
correlated to scaling effects, comparable to those observed in the literature. These results 
suggest that scaling effects are limited in the pR/T films studied in this work, and are not 





Figure 7-11 Comparison of data from this work to trends of functional response from 
the literature on polycrystalline ferroelectric thin films.35,244,277-284 Functional 
property trends are plotted against film thickness. Note the reduction in dependence 
on thickness, especially for measurements of piezoelectric properties. Secondary plots 
are shown to illustrate goodness of a fitted line to guide the eye. The lack of an 
apparent trend is noted for both (a) dielectric permittivity, and (b) saturated 
piezoelectric response. Apparent trends of thickness dependence in the films studied 
here are arguably absent. 
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CHAPTER 8. LAYER CRYSTALLIZATION INTERFACES: 





At the time of this publication, the content in this chapter is under review at Applied Physics 
Letters. 
Effects of Crystallization Interfaces on Irradiated Ferroelectric Thin Films  
Steven J. Brewer, Samuel C. Williams, Cory D. Cress, Nazanin Bassiri-Gharb 




This work investigates the role of crystallization interfaces and chemical 
heterogeneity on the radiation tolerance of chemical solution-deposited lead zirconate 
titanate (PZT) thin films. Two sets of PZT thin films were fabricated with crystallization 
performed at (i) every deposited layer or (ii) every three layers, resulting in distinct 
variations in chemical heterogeneity through the films’ thickness. The films were exposed 
to a range of 60Co gamma radiation doses, between 0.2 and 20 Mrad, and their functional 
response was compared before and after irradiation. The observed trends indicate 
enhancements of dielectric, ferroelectric, and piezoelectric responses at low radiation 
doses, and degradation of the same at higher doses. Response enhancements are expected 
to result from low-dose, ionizing radiation-induced charging of internal interfaces – an 
effect that results in neutralization of pre-existing internal bias in the samples. At higher 
radiation doses, accumulation and self-ordering of mobile defects contribute to degradation 
of dielectric, ferroelectric, and piezoelectric properties, exacerbated in the samples with 
more crystallization layers, potentially due to increased defect accumulation at these 
internal interfaces. These results suggest that the interaction between radiation and 
crystallization interfaces is multifaceted – the effects of ionization, domain wall motion, 
point defect mobility, and microstructure are considered.  
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8.2 Introduction 
Ferroelectric thin films, such as lead zirconate titanate (PZT), find widespread use 
in a multitude of microelectronics applications, including microelectromechanical system 
(MEMS) sensors and actuators, multilayer ceramic capacitors, logic and memory elements, 
and environmental energy harvesters, due to their large dielectric, ferroelectric, and 
piezoelectric responses.1,285 Growth in the area of connected devices (Internet of Things) 
has been accompanied by increasingly rigorous functional requirements with small 
footprints, leveraging multiple functionalities in continuously thinner films. Among the 
many areas of interest, sustained operation in radiation-hostile environments, i.e., for 
satellite and nuclear power applications, is of particular interest.40 A variety of work has 
studied the fundamental mechanisms underpinning radiation interaction with ferroelectric 
materials and their functional response, generally demonstrating degradation thereof by X-
ray, gamma, proton, and neutron irradiation.40,97,100 In polycrystalline ferroelectric thin 
films, such degradation is largely due to reduced motion of nonlinearly-mobile internal 
interfaces (e.g., domain walls) pinned by defects induced by ionization (by X-rays and 
gamma radiation) and atomic displacement events (e.g., when exposed to protons and 
neutrons).32,40,101 However, the processing conditions used to fabricate ferroelectric thin 
films can dramatically modify a material’s pre-existing defects, including ferroelectric 
domains and internal interfaces, their eventual contributions to the functional response, and 
the nature of their interaction with radiation. 
In this work, we report the effects of 60Co gamma irradiation on PZT thin films 
with different thermal processing histories and numbers of crystallization steps. Ample 
previous work has focused on functional response enhancement in ferroelectric thin films 
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by modifying the layer crystallization arrangements and chemical heterogeneity through 
the films’ thickness, including studies of bi-layered, graded, and superlattice films.247-
252,255,258,262,263 While many of these approaches have demonstrated attractive 
enhancements to ferroelectric and piezoelectric properties, the degree to which layer 
crystallization periodicity, thermal processing history, and compositional heterogeneity 
affect radiation tolerance is relatively unknown. We report local enhancements and 
subsequent degradation of functional responses in gamma-irradiated PZT thin films, as 
correlated to interface periodicity and chemical heterogeneity throughout the thickness of 
the films. 
 
8.3 Experimental Procedures 
PbZr0.53Ti0.47O3 (PZT) thin films, 200 (± 6) nm-thick, were fabricated via chemical 
solution deposition (CSD) with 0.25M precursor solutions on 100-Si wafers with 500 nm 
thermal oxide and a continuous bottom electrode of 35 nm sputtered TiO2 and 100 nm 
sputtered Pt. A 15 nm thick, PbZr0.53Ti0.47O3 seed layer was deposited using a 0.15 M 
precursor solution, to induce 100-texture in subsequent layers.100,111,132 Film and seed 
precursor solutions were batched for 20% and 30% molar excess Pb, respectively, to 
compensate for Pb loss at high crystallization temperatures. Specific details of film 
processing are outlined elsewhere.111,247,286  
The resulting “multi-layer anneal” (MLA) films have six layers, grouped in two 
crystallization steps of three layers each, while the “single-layer anneal” (SLA) films are 
annealed at each of the six layers. For both sets of films, pyrolysis was performed after 
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each deposition at 400 °C for 60 s, and crystallization was achieved at 700 °C for 60 s in a 
rapid thermal annealer. MLA films have typically shown compositional homogeneity 
throughout the thickness of the film, while similarly-processed SLA films exhibit dramatic 
compositional Zr/Ti gradients due to asymmetric nucleation and growth behaviors in films 
with relatively short layer-stacking periodicities.111,265,286 X-ray diffraction (XRD) was 
performed to study crystallographic phase (PANalytical Alpha-1); scanning electron 
microscopy (SEM) (Zeiss Ultra60 FE-SEM) and atomic force microscopy (AFM) (Asylum 
Research MFP-3D) were used to image film microstructure. Film thicknesses were 
measured via contact profilometry (KLA Tencor P15), after chemical etch (buffered oxide 
etch (BOE), 6:1 NH4F:HF) removal of part of the film to access the bottom electrode.  
The films were exposed to various gamma radiation doses between 0.2 and 20 
Mrad(Si) at a rate of ~600 rad(Si)/s from a 60Co source, with a geometry that yields an 
isotropic exposure. Electrodes were left floating during exposure. Functional response of 
the samples was characterized before and after irradiation (on the same electrodes and 
samples), including (in order): low-field dielectric permittivity (εr) at 100 mV and 1 kHz 
(Agilent 4284A LCR meter); polarization-electric field (P-E) loops to 500 kV/cm at 100 
Hz (Radiant P-PM2); nonlinear AC dielectric permittivity (εr-EAC) for up to ~120 kV/cm 
AC electric field at 1 kHz; DC electric field-dependent permittivity response (εr-EDC) up 
to 400 kV/cm DC bias with an overlapping 100 mV AC signal at 1 kHz; and the converse, 
effective longitudinal piezoelectric response (d33,f) performed on an aixACCT double beam 
laser interferometer (DBLI), up to 400 kV/cm DC bias with an overlapping AC signal, EAC 
~ 0.5EC, where EC is the coercive field. Table 8-1 shows percent changes in functional 
response measurements at each radiation dose. At intermediate-low AC electric fields, the 
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Rayleigh approach was used to quantify changes in intrinsic (εinit) and extrinsic (α) 
contributions to the dielectric response, i.e., contributions from the lattice and domain 
vibration, and irreversible domain wall motion, respectively.24,29,33,236 All measurements 
were performed on at least five electrodes and are subject to experimental error of up to 3-
5% due to sample/measurement variability.  
Table 8-1 Maximum percent enhancement (+) and degradation (-) for various 
dielectric, polarization, and piezoelectric responses at each gamma radiation dose. 
“0%” indicates measurable enhancement/degradation, albeit negligible with respect 
to the error. Uncertainties expressed represent one standard deviation to one 
significant figure. Measurement values are reported to the same decimal place as the 
uncertainties.172 
 Mrad(Si) 0 0.2 0.5 1.0 2.0 5.0 10.0 20.0 
ε
r 
SLA 6.8 ± 0.7 10.0 ± 0.6 10.2 ± 0.7 8.7 ± 0.3 6.8 ± 0.2 2 ± 1  -1.5 ± 0.8 -5.8 ± 0.7 




SLA 0 ± 1 1.0 ± 0.8 3 ± 3 0.8 ± 0.4 -0.2 ± 0.4 -1.8 ± 0.7 -2.3 ± 0.5 -3.9 ± 0.6 
MLA 3 ± 2 4.0 ± 0.7 3.7 ± 0.6 2.2 ± 0.5 1.9 ± 0.7 0 ± 1 -1.1 ± 0.4 -2.1 ± 0.3 
α (cm/kV) 
SLA 19 ± 3 -6 ± 1 -8 ± 2 -5 ± 2 -10 ± 2 -12 ± 1 -15 ± 1 -17 ± 2 





SLA -2.2 ± 0.2 -1.5 ± 0.3 -1.1 ± 0.2 0.3 ± 0.2 -0.1 ± 0.2 -1.0 ± 0.2 -1.8 ± 0.3 -2.7 ± 0.4 





SLA -3.0 ± 0.9 -1.3 ± 0.3 0.6 ± 0.8 5.7 ± 0.5 5.5 ± 0.7 3 ± 1 -1 ± 1 -7 ± 2 




SLA -4 ± 4 -6 ± 2 1 ± 3 -8 ± 5 2 ± 7 -1 ± 8 -1 ± 6 -12 ± 6 




SLA 3 ± 6 -12 ± 5 7 ± 3 -15 ± 6 9 ± 7 -8 ± 7 -2 ± 5 -17 ± 6 
MLA -1 ± 1 0 ± 2 -14 ± 6 -5 ± 4 -5 ± 3 -10 ± 5 -14 ± 8 -20 ± 8 
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8.4 Results and Discussion 
 The distinct differences in crystallization interfaces and chemical composition 
across the film thickness are consistent with the presence of satellite peaks in the XRD 
analysis of the SLA films (Figure 8-1a, insets). Comparison of the Schuller periodicities, 
ΛSchuller,266 calculated using the diffraction data, and measured crystallized layer thickness, 
Λmeas, for the SLA films shows excellent agreement: ΛSchuller = 30.2 nm and Λmeas = 30.7 
nm, with minimal error (1.3%). Λmeas, was calculated with Λmeas = d/n, where d is the film 
thickness and n is the number of deposited layers (subtracting the seed layer’s thickness 
from the total measured thickness). On the other hand, no satellite peaks are seen in the 
XRD patterns for the more chemically-homogeneous MLA films.286 Both SLA and MLA 




Figure 8-1 X-ray diffraction data for (a) single-layer anneal (SLA) and (b) multi-layer 
anneal (MLA) PZT thin films. Insets show PZT 100- and 200-peaks, with distinct 
satellite peaks shown for SLA samples, indicating a large degree of strain coherency 
between alternating Zr- and Ti-rich regions 
 Cross-sectional SEM shows smooth, dense structure, with continuous columnar 
grains (Figure 8-2). Minor porosity is observed locally in SLA films, seemingly at layer 
crystallization interfaces. AFM on the sample surface shows slightly smaller mean grain 
size for SLA samples (103 ± 5 nm) compared to MLA samples (118 ± 6 nm), calculated 




Figure 8-2 Scanning electron microscope (SEM) imaging of the (a) single-layer anneal 
(SLA) and (b) multi-layer anneal (MLA) PZT thin films. Both films show smooth, 
dense microstructure with continuous columnar grains through the thickness of the 
film. Notable are small pockets of potential porosity in the SLA films at layer 
crystallization interfaces and the observable crystallization interface in the MLA film. 
Atomic force microscopy (AFM) was performed on the surface of (c) SLA and (d) 
MLA films, indicating marginally smaller mean grain size for pR/T samples.  
 Functional response measurements as a function of total ionization dose (TID) for 
both SLA and MLA films show highly-nonlinear trends, with property enhancements 
observed at lower radiation doses and degradation at higher (Table 8-1). Figure 8-3a and 
Figure 8-3b show variations in dielectric responses εr and α as a function of TID. 
Enhancements to εr of over 10% are observed for both SLA and MLA samples, with 
stronger overall enhancement trends in the MLA films across the TID range. Trends in εinit 
are similar to those for εr, i.e., small enhancements (3-4 %) at low doses, and degradation 
at larger doses. SLA samples show increased degradation of α at both low and high doses, 
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in excess of 15%, compared to only 5% reduction observed in MLA samples. These trends 
suggest that the impact of radiation on extrinsic contributions, such as the irreversible 
motion of domain walls, is more pronounced in the SLA samples. Interestingly, large 
enhancement of α is noted for the SLA control sample, potentially due to the effects of 
aging.62 Nevertheless, the large degradation of α in the SLA films across the entire dose 
range suggests that these samples are substantially more prone to radiation-induced 
degradation of domain wall motion than MLA samples. However, reversible domain wall 
motion (vibration) and lattice effects are comparable in both sets of samples. This result is 
consistent with prior work showing that gamma radiation-induced damage to the PZT 
crystal lattice is extremely limited, even at doses up to 10 Mrad.32 Hence, the effects of 
layer crystallization and chemical heterogeneity in the films are more strongly associated 
with radiation-induced degradation of extrinsic contributions to the dielectric response, 
consistent with previous work.32 
 
Figure 8-3 Plots of (a) dielectric permittivity (εr), (b) extrinsic contributions to AC 
electric field dielectric response (α), (c) remanent polarization (Prem) and (d) remanent 
effective, converse piezoelectric response (d33,f,rem) for SLA and MLA films as a 
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function of radiation dose. Lines have been added to guide the eye and demonstrate 
the relative magnitudes of enhancement/degradation for each measurement trend. 
Dielectric response is generally less degraded in MLA samples. Note the substantially 
greater enhancement of polarization and piezoelectric responses for SLA films, 
especially at lower radiation doses. (e) and (f) show representative P-E hysteresis 
loops at 0 and 2 Mrad radiation dose, where the enhancement in measured 
ferroelectric properties is largest.  
Radiation-induced charges trapped at 	𝑉2∙∙ sites have been shown to create more 
mobile 𝑉2∙  species in PZT samples exposed to ionizing radiation.
24,75,155,177 At low radiation 
doses, the concentration of mobile 𝑉2∙  may result in reduced pinning of domain wall motion 
and minor enhancements of domain wall vibration;32 at higher radiation doses, increased 
density of trapped charges in the material leads to augmented populations of mobile 𝑉2∙ . 
Larger populations of mobile defects can accumulate, self-order at interfaces, pin domain 
wall motion, increase internal bias, and create ferroelectric dead layers, similar to 
mechanisms driving ferroelectric fatigue.32,60,61,70,72,75,97,100,101,242 In SLA samples, this 
effect is exacerbated due to an increased number of (crystallization) interfaces, and greater 
reductions to α are observed relative to MLA films.  
The number of crystallization interfaces in the films also contributes to structural 
and compositional variations that potentially give rise to competing defect interactions in 
the samples. The thinner crystallized layers in the SLA films likely reduce grain sizes (and 
thus increase grain boundary density) relative to the MLA samples (Figure 8-2).247 Greater 
grain boundary density has been shown to increase the degree of radiation interaction in a 
sample, due to interactions with defects at those locations.101,218 Increased interaction of 
radiation with the SLA film (at grain boundaries and crystallization interfaces) potentially 
leads to accentuation of the TID trends compared to the MLA samples, i.e., increased 
degradation of domain wall motion. Additionally, the large compositional gradients in the 
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SLA films may result in local radiation dose enhancements at denser Ti-rich regions of 
each individual layer, exacerbating charging effects in proximity to each crystallization 
interface.32 
In contrast to the measured degradation of domain wall mobility, functional 
response enhancements are notably observed in the low-field dielectric response and 
remanent piezoelectric response, at intermediate-low TID. Trends in remanent polarization 
(Prem), and remanent and saturation piezoelectric response (d33,f,rem, and d33,f,sat, 
respectively) generally show greater radiation-induced enhancement of response for SLA 
films compared to MLA films. Indeed, the maximum enhancements of Prem, d33,f,rem, and 
d33,f,sat (Table 8-1) are non-trivial for SLA samples – 6%, 3%, and 9%, respectively – while 
equivalent enhancements of the MLA films’ response are markedly reduced (Prem) or 
notably absent (d33,f,rem, d33,f,sat). Plots of Prem and d33,f,rem show greater enhancements (at 
low TID) and reduced degradation (at high TID) of ferroelectric and piezoelectric 
responses for irradiated SLA samples compared to MLA samples (Figure 8-3a to Figure 
8-3d). These differences between SLA and MLA functional responses may result from 
convolution of the internal bias and the polarization response. Piezoelectric response often 
scales with the degree of coherent dipole alignment and thus is closely correlated to the 
polarization in ferroelectric materials, especially in films of decreasing thickness below 1.5 
µm.35 Consequently, the effects of radiation-induced degradation on the piezoelectric 
response are expected to closely follow the trends observed for the polarization response 
(Figure 8-3d). 
Trapping of radiation-generated electron-hole pairs at grain boundaries and 
crystallization interfaces in ferroelectric thin films can contribute to local charging of the 
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material, develop internal bias, and change resistivity behavior.96,101,189,198,218,287 The SLA 
films studied here exhibit a smaller internal bias at 0 Mrad (-37 ± 6 kV/cm) compared to 
MLA samples (-55 ± 5 kV/cm), potentially due to the more uniform distribution of 
crystallization interfaces through the thickness of the SLA films (Figure 8-3e and Figure 
8-3f). At 2 Mrad, internal bias in the SLA samples is marginally diminished (36 ± 1 
kV/cm), while that of the MLA samples is reduced by ~16% (-46 ± 4 kV/cm), indicating a 
stronger radiation-induced shift towards greater symmetry in polarization switching of the 
MLA films. An even greater trend towards symmetric internal bias is observed in the MLA 
films at 20 Mrad in Figure 8-3f. This effective trend towards neutralization of pre-radiation 
negative internal bias suggests positive charge (hole) trapping, potentially at 	𝑉2∙∙ sites as 
discussed earlier, and can result in measured enhancements of low-field dielectric, 
polarization, and piezoelectric responses at low TID (Figure 8-3).4 Similar effects of local 
charge-related property enhancement have been noted in prior studies on irradiated 
ferroelectrics.198,288 For example, Scott et al. have previously demonstrated increased 
symmetry of the coercive fields in P-E hysteresis loops of gamma-irradiated PZT thin films 
due to these trapped charges, effectively reducing inherent internal sample bias by exposure 
to irradiation.96  
Finally, we consider response enhancements via ionic conductivity in PZT 
ceramics and the existence of stable [𝑉{s00 − 𝑉2∙∙] defect dipoles, potentially modified by 
charge trapping at 𝑉{s00  sites, leading to 𝑉{s0  species of increased mobility.
289 At low 
radiation doses, radiation-induced electron-hole pairs may become trapped at existing 
[𝑉{s00 − 𝑉2∙∙] defect dipole sites, leading to simultaneous generation of singly-charged [𝑉{s0 -
𝑉2∙ ] dipoles. The binding energy between singly-charged 𝑉{s0  and 𝑉2∙  is significantly 
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reduced relative to their doubly-charged counterparts,289 and increased mobility of the 
defect dipoles, or even complete dissociation thereof, may occur. However, greater 
populations of A-site vacancies in PZT are known to increase domain wall mobility; here, 
only marginal enhancement (3%) of α in the MLA samples at 0.2 Mrad dose is observed, 
suggesting that the potential effects of [𝑉{s00 − 𝑉2∙∙] defect dipole charging/dissociation are 
limited or obscured by other factors. 
 
8.5 Conclusions 
 In conclusion, we report on local functional response trends in gamma-irradiated 
ferroelectric PZT thin films with different layer crystallization schemes. At low radiation 
doses, notable enhancements of functional responses are observed in both SLA and MLA 
films, with overall degradation at high doses. Generally, SLA films show greater radiation-
susceptibility of extrinsic dielectric contributions, but increased radiation tolerance of 
polarization and piezoelectric response. The effects of low-dose neutralization of internal 
bias are likely responsible for the radiation-dependent functional response enhancements: 
oxygen vacancy mobility accounts for degradation thereof. These results suggest 
promising avenues for tailoring materials’ response via irradiation and processing 
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 This work investigates the role of Mn-doping of ferroelectric lead zirconate titanate 
(PZT) thin films exposed to a range of ionizing radiation doses. PZT thin films were 
fabricated with both undoped and 4% Mn-doped compositions, and the functional response 
was compared both before and after exposure to gamma radiation doses up to 10 Mrad. A 
phenomenological model was applied to quantify defect interactions and compare trends 
in the degradation of functional response. Mn-doped PZT samples demonstrate reduced 
magnitude of functional response in non-irradiated samples, but exhibit vastly superior 
radiation tolerance of dielectric and ferroelectric properties across the range of gamma 
doses studied here. Strong 𝑀𝑛+,/./00 − 𝑉2∙∙ defect dipoles pin domain walls, resulting in 
lower initial functional response, and mitigating the deleterious effects of irradiation on 
extrinsic contributions to said response. Piezoelectric response trends as a function of 
radiation dose are highly nonlinear. The results of this work can be leveraged to engineer 
next-generation radiation-tolerant ferroelectric materials for applications where high levels 




The large dielectric, pyroelectric, and piezoelectric responses exhibited by 
ferroelectric thin films make them ideal candidates for use in many microelectronics 
applications, such as multi-layer ceramic capacitors (MLCC), ferroelectric logics and 
memories, and microelectromechanical systems (MEMS) sensors and actuators.1,291 The 
rapid evolution of such devices has necessitated functional materials capable of operating 
in increasingly demanding environments, such as use in facilities processing radioisotopes 
or space-related applications. Prior studies on the effects of radiation on ferroelectric thin 
films has, in many cases, shown substantial radiation-induced degradation of functional 
response, thus altering critical device functionality.40,97,100,287 The radiation-induced effects 
caused by newly-created vacancies (for proton, neutron studies) are secondary to those 
induced by ionizing energy transferred to the material from these particles and by X-rays 
and gamma-rays, suggesting that the primary radiation-induced effects stem from 
activation or charging of existing defect sites rather than new vacancy-interstitial pair 
formation.32,40,97,100 These observations are consistent with the fact that PZT contains a 
large fraction of lead and oxygen vacancies, especially in undoped materials.289 Work to 
mitigate the effects of radiation-induced degradation on ferroelectric materials has 
primarily focused on retention properties of ferroelectric memories, often through 
modifications to the material stack.32,292,293 Other approaches have sought to maximize 
functional response in order to retain critical device functionality even after substantial 
radiation-induced degradation.294 While these approaches have contributed to radiation-
tolerant ferroelectric films/stacks, more robust approaches to inherently radiation-tolerant 
ferroelectric materials with greater operational stability are relatively nonexistent. 
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 In this work, we investigate the effects of gamma radiation on the functional 
response of PZT thin films with and without Mn-doping. Dopants have long been 
employed for increasing radiation-hardness in semiconductors and functional materials, for 
applications ranging from photovoltaic (PV) cells to Si-based sensors, to detectors for the 
Large Hadron Collider (LHC).295-297 It is well-known that acceptor doping of PZT, e.g., 
with Mn ions, increases the oxygen vacancy concentration with respect to undoped PZT, 
creating 𝑀𝑛+,/./00 − 𝑉2∙∙	defect dipoles that stabilize domain wall motion and result in a 
“hard” PZT composition.298-302 Mn-doped PZT thin films have demonstrated increased 
polarization retention properties as a result of reduced oxygen vacancy mobility, which is 
strongly associated with ferroelectric fatigue.4,32,72,300-302 Oxygen vacancy mobility and 
eventual accumulation at ferroelectric-electrode interfaces has also been shown to result in 
radiation-induced degradation of dielectric and piezoelectric response in ferroelectric thin 
films and MEMS devices.32,100 Here, we probe the effects of Mn-doping on gamma-
irradiated ferroelectric thin films, correlating changes in defect interactions (both inherent 
and radiation-induced) to radiation tolerance and eventual device performance. Such 
studies elucidate the fundamental interactions of radiation with ferroelectric materials and 
defect concentrations therein. 
 
9.3 Experimental Procedures 
 PbZr0.52Ti0.48O3 (PZT) thin films were fabricated via chemical solution deposition 
(CSD) with 0.4 M precursor solutions, prepared via a 2-methoxyethanol (2-MOE) 
route,109,120,235 described by Sanchez et al.131 Manganese (II) acetate tetrahydrate purum, 
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p.a., ≥ 99.0% (KT) (Sigma Aldrich) was substituted for 4 wt.% of the B-site cations (2 
wt.% each Zr, Ti) in the Mn-doped precursor solutions before initial preparation. Previous 
literature reports suggest that 1% Mn concentration results into dominant B-site 
substitutions, consistent with reductions in extrinsic contributions (e.g., domain wall 
motion) to the dielectric response.298,303 Films were spin-coated onto 150 mm-diameter, 
100-silicon wafers consisting of 100 nm Pt, 35 nm TiO2, 2000 nm SiO2, Si, and resulting 
in PZT films with thicknesses of 523 ± 5 nm.120,131,132 A ~17-nm thick PbTiO3 seed layer 
was deposited before all PZT layers to induce 100-texture.131 Films were pyrolyzed at 365 
ºC for 60 s for each spin-coated layer and crystallized at 700 ºC for 60 s every 2 layers in 
flowing O2 at 7 sccm.131 100 nm-thick IrO2 electrodes were sputter-deposited at 500 ºC and 
processed with a post-deposition anneal at 650 ºC in flowing O2 for 30 min, as outlined 
elsewhere.100 Baseline X-ray diffraction (XRD) was performed using a PANalytical Alpha-
1. Scanning electron microscopy (SEM) (Zeiss Ultra60 FE-SEM) and atomic force 
microscopy (AFM) (Asylum Research MFP-3D) were used to image film microstructure. 
 The films were exposed to a range of gamma radiation doses from 0.2 to 10 Mrad 
(Si) at a rate of ~600 rad(Si)/s from a 60Co source in an isotropic exposure, during which 
electrodes were left floating. Functional responses of the samples were characterized 
before and after irradiation (on the same electrodes/sample), including (in order) 
measurements of low-field dielectric permittivity (εr) (100 mV, 1 kHz, Agilent 4284A LCR 
meter); polarization-electric field (P-E) hysteresis loops (400 kV/cm, 100 Hz sine wave, 
Radiant P-PM2), nonlinear dielectric permittivity response (εr-EAC) (40 kV/cm AC, 1 kHz); 
DC electric field-dependent permittivity response (εr-EDC) (200 kV/cm with overlapping 
AC signal VAC ≈ 0.5Vc); and electric field-dependent converse, effective longitudinal 
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piezoelectric response (d33,f) (200 kV/cm DC with an overlapping AC signal of 1 V, 
aixACCT double beam laser interferometer (DBLI)). Table 9-1shows percent changes in 
functional response at each radiation dose. All measurements were performed on a 
minimum of five electrodes and are subject to 3-5% experimental error due to sample 
variability and measurement error. The Rayleigh approach was used to analyze the 
nonlinear dielectric response and quantify changes in intrinsic (εinit) and extrinsic (α) 
dielectric response, i.e., contributions from the lattice and domain walls’ vibration, and 
irreversible domain wall motion, respectively.24,29,33,236  
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Table 9-1 Percent degradation at each gamma dose of measured functional responses, 
including dielectric, polarization, and piezoelectric data. Degradation is positive and 
enhancement negative, for continuity with plots in Figure 9-4, and for fitting with the 
phenomenological model. Values of “0%” are within the uncertainty. Uncertainties 
expressed represent one standard deviation to one significant figure. Measurement 
values are reported to the same decimal place as the given uncertainty.172 Fitting 
parameters jN and k are shown for all measurements, with the exception of the 
piezoelectric response, due to the strongly non-monotonic nature of those trends (see 
Figure 9-4d). 
 Mrad(Si) 0 0.2 0.5 1.0 2.0 5.0 10.0 𝝋𝑵×𝟏𝟎𝟑  k 
ε
r 
Undoped -0.1 ± 0.3 -0.1 ± 0.1 0.1 ± 0.2 1.6 ± 0.1 3.0 ± 0.1 6.6 ± 0.3 9.3 ± 0.1 13 0.22 




Undoped 12 ± 2 4.9 ± 0.9 4.2 ± 0.6 4.0 ± 0.4 3.4 ± 0.4 3.50 ± 0.4 -5.5 ± 0.5 -1 1.33 
4% Mn 0.4 ± 0.4 0.7 ± 0.4 0.9 ± 0.1 0.3 ± 0.6 1.0 ± 0.1 0.7 ± 0.4 1.3 ± 0.6 1 0.84 
α (cm/kV) 
Undoped 2 ± 9 2 ± 2 8.3 ± 0.6 11 ± 2 16 ± 2 31.5 ± 0.6 31 ± 3 7 0.48 





Undoped 1.2 ± 0.6 1.5 ± 0.1 1.3 ± 0.1 1.6 ± 0.3 1.8 ± 0.1 1.8 ± 0.2 2.5 ± 0.1 2 0.89 





Undoped 7 ± 3 10 ± 2 6.2 ± 0.9 12 ± 2 11 ± 1 15.7 ± 0.8 22.6 ± 0.7 3 0.74 
4% Mn 10 ± 2 9 ± 1 9 ± 1 9 ± 2 9.8 ± 0.7 5.8 ± 0.3 11 ± 2 1 0.99 
Dielectric 
Tunability 
Undoped 0.7 ± 0.4 0.6 ± 0.4 1.3 ± 0.1 1.5 ± 0.1 1.5 ± 0.3 2.7 ± 0.2 2.7 ± 0.3 4 0.70 




Undoped 0 ± 10 3 ± 5 7 ± 9 14 ± 5 7 ± 8 9 ± 1 -11 ± 9 -- -- 




Undoped 10 ± 20 30 ± 20 30 ± 10 30 ± 20 20 ± 20 20 ± 30 10 ± 20 -- -- 
4% Mn 0 ± 20 0 ± 30 10 ± 30 0 ± 20 0 ± 30 20 ± 20 20 ± 20 -- -- 
 
9.4 Results and Discussion 
 XRD analysis reveals that both undoped and Mn-doped PZT samples are highly 
100-textured (Figure 9-1), with Lotgering factors of 89 and 90%, respectively (PDF 01-
070-4060).143 Some peak splitting of the 001- and 002-peaks is observed in the Mn-doped 
samples (Figure 9-1) – B-site substitution of Mn in the PZT lattice has been shown to 
increase tetragonality of the unit cell and lead to small splitting of the 100- and 200-peaks 
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in highly-textured PZT thin films.298,303 Microstructural comparisons via cross-sectional 
SEM show columnar grains in both samples, but greater apparent porosity and potential 
grain size reduction are observed in the Mn-doped samples (Figure 9-2c and Figure 9-2d). 
Work by Ng and Alexander (and later corroborated by Xin et al.)298 suggested that such 
grain size and porosity effects are attributable to segregation of Mn dopant at grain 
boundaries.303 AFM images (Figure 9-2c and Figure 9-2d) of the sample surface confirm 
the reduced grain size in Mn-doped PZT samples relative to undoped samples. 
 
Figure 9-1 X-ray diffraction data for (a) undoped and (b) 4% Mn-doped PZT thin 
films used in this work. The results indicate strong 100-texture in both sets of samples. 
Notable is a small shoulder on the PZT 002-peak exhibited in the Mn-doped samples 





Figure 9-2 Cross-sectional scanning electron microscope (SEM) images of the (a) 
undoped and (b) 4% Mn-doped PZT samples. Large differences are noted in density 
and porosity. Both samples show highly columnar microstructure, but the Mn-doped 
samples exhibit greater porosity and some apparent grain size reduction. (c) and (d) 
show the deflection trace of atomic force microscopy (AFM) scans of the surface of 
the undoped and Mn-doped samples, respectively. 
 Measurements of the functional responses as a function of total ionization dose 
(TID) show distinct differences for the two sets of samples, especially prevalent in 
dielectric (Figure 9-3b and Figure 9-3c) and piezoelectric (Figure 9-3d) responses. Notably, 
Mn-doped samples show markedly reduced initial dielectric and piezoelectric response 
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compared to the undoped samples (Table 9-1). However, the Mn-doped samples 
demonstrate superior tolerance to radiation even up to 10 Mrad, as evidenced by minimal 
variation in the ferroelectric, dielectric, and piezoelectric responses over the studied TID 
range. In order to more comprehensively quantify trends in radiation-induced degradation 
of functional response and defect interactions, we apply a phenomenological model 
developed in prior work to analyze trends as a function of TID.189 
 
Figure 9-3 Representative (a) polarization, (b) AC dielectric, (c) DC dielectric, and 
(d) piezoelectric functional response loops for the undoped and 4% Mn-doped PZT 
thin films studied at 0 and 10 Mrad radiation exposure. Notably, the magnitude of 
dielectric and piezoelectric functional response is reduced in Mn-doped samples, but 
those samples demonstrate substantially greater radiation tolerance. Polarization 
properties are relatively similar, but larger rotation and pinching of the loop is noted 
for irradiated undoped samples. Limits for extraction of Rayleigh parameters are 
shown as vertical dotted lines in (b). Piezoelectric data has been smoothed using an 
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adjacent-averaging filter to reduce noise for this figure (piezoelectric response 
parameters were extracted from the raw data). 
 The employed model relies on the assumption that exposure of ferroelectric 
materials to radiation proportionally creates/activates defects in the material.32,40,97,101 
These new defects interact with a given volume of ferroelectric material, and, potentially 
with existing defects therein – e.g., domain walls, grain boundaries, point defects, defect 
dipoles, etc. – thus modifying the defect-energy landscape of the material, and 
pinning/unpinning domain walls within the affected ferroelectric volume.189 The 
normalized volume of pinned ferroelectric material, Vd, is correlated to the number of 
radiation-induced defects, N, (assumed proportional to radiation dose) by the expression 
 𝑉X = 1 − 𝑒
r(
(
  9-1 
where φN is the normalized effective change in material volume pinned per new defect 
introduced, and k is the effective rate of defect saturation. Generally, φN can be interpreted 
as the global susceptibility of the material to radiation-induced change, while k is a function 
of microstructural features that modify the rate of response degradation, such as the 
anisotropic interactions of defects. The model presented allows for quantification of defect 
interactions from a phenomenological perspective, i.e., it provides a quantifiable 
relationship between radiation dose; the resulting radiation-induced defect interactions 
from a macroscopic, volume-averaged perspective; and the subsequent modifications to 
functional response behavior. Full derivation and detailed discussion of the 
phenomenological model are available elsewhere,189 though we note here that Expression 
9-1 is a modified sigmoid function which are often used to describe nucleation, growth, 
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and saturation behavior, such as the Johnson-Mehl-Avrami-Kolmogorov equation for 
phase transitions in solids, and justifiably relatable to radiation-induced defects, growth of 
a defect-saturated region, and the subsequent pinning of ferroelectric material volume.213 
Results of fitting the model to the functional characterization data as a function of TID are 
given in Table 9-1. Plots of degradation trends and the fitted model are shown in Figure 
9-4.  
 
Figure 9-4 (a) Dielectric permittivity (εr) at low AC electric field, (b) extrinsic 
contributions to the AC electric field dielectric response (α), (c) remanent polarization 
(Prem), and (d) saturated converse, effective piezoelectric response (d33,f,saturation) as a 
function of radiation dose for the undoped and 4% Mn-doped PZT samples. A 
phenomenological model employing a modified sigmoid function has been fit to each 
set of data to quantify defect interactions and compare degradation-related 
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parameters, except for the d33,f,sat data – only the raw data is presented due to the 
strong non-monotonicity thereof. 
 By comparing the fitting parameters from Table 9-1, we observe that for all 
measurements, with the exception of εinit (potentially due to sample/measurement error), 
Mn-doped samples demonstrate smaller values of φN and simultaneously larger values of 
k. Smaller φN values indicate that newly-created/activated defects have a limited impact on 
pinning of ferroelectric volume in Mn-doped samples. It is expected that the high levels of 
Mn-doping in PZT are compensated by oxygen vacancies, but subsequently form stable 
defect dipoles with the substituted Mn ions. The formation of such defect dipoles results in 
an effective reduction of mobile oxygen vacancy concentration.298,301,304 In previous studies 
on undoped PZT, trapped charges generated by irradiation have been shown to modify the 
ionic state of mobile oxygen vacancies into singly-charged 𝑉2∙ , leading to pinning of 
domain wall motion, accumulation and self-ordering of oxygen vacancies at internal 
interfaces, and radiation-induced fatigue-like effects on ferroelectric properties.32,40 In the 
Mn-doped samples, the reduction of mobile oxygen vacancy population through the 
formation of stable defect dipoles with Mn ions mitigates, to some degree, the deleterious 
effects of radiation-modified mobile oxygen vacancies, leading to enhanced ferroelectric 
retention properties, even at elevated TID. On the other hand, the strong pinning of domain 
walls by 𝑀𝑛+,/./00 − 𝑉2∙∙ defect dipoles is readily apparent in the heavily-reduced initial 
values of dielectric and piezoelectric responses for Mn-doped samples with respect to the 
undoped PZT films (Figure 9-3). 
 The greater values of k observed for functional response measurements of Mn-
doped films suggest that these samples exhibit increased rates of defect saturation with 
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TID. Increased 𝑀𝑛+,/./00 − 𝑉2∙∙ defect dipoles formed by substituted Mn ions and potential 
Mn-dopant segregation at grain boundaries leads to higher defect concentrations in Mn-
doped films, thereby resulting in elevated concentrations of pinning centers, even prior to 
irradiation301 – subsequent exposure does not substantially contribute to increased pinning 
of ferroelectric material volume, and mild degradation trends are generally observed as a 
function of TID (Table 9-1, Figure 9-4a, Figure 9-4b, Figure 9-4c). Lastly, we note that 
increased porosity and apparent grain size reduction in Mn-doped samples with respect to 
undoped samples can also result in increased radiation tolerance of the former. Greater 
grain boundary density and porosity are associated with an effective lack of functional 
material volume at these sites, causing them to serve as defect sinks and mitigate pinning 
caused by radiation-induced defects, yielding improved radiation-hardness.220,221,238-241,305 
We note that structural effects of gamma radiation on the PZT lattice are not likely, as 
evidenced by previous work demonstrating a lack of radiation-induced strain in PZT 
irradiated to 10 Mrad.32 
 We note that the degradation trends for the piezoelectric response could not be fit 
with the phenomenological model, due to the lack of monotonic trends as a function of TID 
(Figure 9-4d). However, radiation tolerance of Mn-doped samples does not appear to 
exceed that of undoped samples for d33,f,saturation, and is only marginally better for d33,f,remanent 
(when comparing maximum degradation across the TID range, Table 9-1). The 
piezoelectric response is often determined by large contributions both from domain wall 
motion and the degree of coherent dipole alignment in the samples.35 The observed trends 
in d33,f suggest that these two contributors are affected differently by irradiation, and the 
competing effects of defects on such contributions result in nonlinear, non-monotonic 
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degradation behavior of the piezoelectric response. Previous literature reports have shown 
that charging of ferroelastic domain walls can result in large changes to the 
electromechanical response.306 Ionizing radiation has been shown substantially modify 
local charge states in ferroelectric materials by introducing electron-hole pairs and trapped 
charges, resulting in changes to domain walls and altering the electromechanical 
response.32,101 The appearance of domain variants can be further activated by ferroelectric 
fatigue and defect agglomerates in ceramic PZT:307 such domains are concentrated at 
regions near the electrodes, and form to accommodate mechanical stresses resulting from 
fatigue and/or defect accumulation. It is possible that formation of these domains results 
from defect concentrations in the material, both inherent (Mn-induced defect dipoles) and 
radiation-induced. Charging of domain walls would therefore result in complex defect-
defect interactions in the material, thereby nonlinearly modifying the piezoelectric 
response at varying levels of TID.  
 
9.5 Conclusions 
 In summary, we have investigated the role of Mn acceptor-doping of PZT thin films 
on radiation tolerance when exposed to varying levels of ionizing gamma radiation. Mn-
doped samples show reduced magnitude of dielectric, ferroelectric, and piezoelectric 
responses at all levels of TID, but generally demonstrate a far greater resistance to 
radiation-induced degradation of the same properties when compared to undoped samples. 
It is expected that stable 𝑀𝑛+,/./00 − 𝑉2∙∙ defect dipoles created by doping result in more 
substantial pinning of domain walls relative to undoped PZT and reduce dynamic, oxygen-
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related fatigue mechanisms. When exposed to gamma radiation, the reduced population of 
mobile oxygen vacancies in Mn-doped samples leads to greater stability of functional 
response across the studied dose range. Acceptor doping of PZT is suggested as an 
excellent approach for designing radiation-hard devices where enhanced stability of 
functional response, even at high radiation doses, is a primary design criteria. 
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This chapter investigates the effects of modifying the level of residual strain in the 
ferroelectric material on the radiation tolerance of the material stack. Strain variations in 
the ferroelectric thin film are accomplished by varying the elastic layer thickness and 
material selection. Three sets of films were fabricated for comparison – one each with 750 
nm SiO2, 2035 nm SiO2, and 760 nm AlN elastic layer thickness. The fabricated PZT thin 
films exhibited strong PZT 001-texture, but TKD analysis of the samples prepared with 
AlN elastic layers shows a limited amount of random grain misorientation, while those 
with SiO2 elastic layers appear to have highly uniform in-plane texture. Estimations of 
relative strain suggest that the films with SiO2 elastic layers are subject to a substantially 
greater degree of (in-plane) biaxial, tensile strain than similarly-processed samples with 
AlN elastic layers. Trends of radiation-induced functional response degradation generally 
demonstrate reduced radiation tolerance of samples prepared on AlN elastic layers 
compared to to SiO2 elastic layers. Grain misorientation potentially leads to greater 
discontinuity at grain boundaries in the samples with AlN elastic layers, exacerbating the 
grain boundary-radiation interaction. Greater in-plane tensile stress in the samples with 
SiO2 elastic layers likely increases defect mobility, and potentially leads to defect 
accumulation at grain boundary defect sinks, augmenting radiation tolerance in those 
samples compared to those with AlN elastic layers. On the other hand, more stable defect 
populations in the AlN samples with reduced tensile stress leads to greater pinning of 
domain wall motion and elevated rates of defect saturation.   
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10.2 Introduction 
 The typical thin film ferroelectric material stack consists of six discrete layers 
(substrate, elastic layer, adhesion layer, bottom electrode, ferroelectric film, and top 
electrode), leading to a variety of complex interfacial interactions. Many are addressed 
throughout this thesis, with a focus on direct interactions with the ferroelectric layer, such 
as the top electrode-ferroelectric interface; as well as internal interactions, i.e., grain 
morphology, dopant interactions, layer crystallization interfaces, etc. However, the lower 
portion of the material stack, including the substrate and elastic layer, plays a large role in 
determining functional properties of the stack, foremost through residual stress 
development and clamping of the ferroelectric material (CHAPTER 11). Stress and 
clamping can inhibit the functional response of the ferroelectric material by restricting 
domain wall motion and eventual rhombohedral/tetragonal (R/T) phase transitions.228 The 
study of misfit strain between the substrate and lower material stack and the resulting 
effects on structural and functional properties has been the subject of extensive 
research.228,308 These effects become increasingly more apparent with decreasing film 
thickness, due to the proximity of the domains to the clamped interface where residual 
stresses are higher, often depriving the film of precious functional response, specifically 
for films grown on Si substrates.1,36,309 Furthermore, tensile stress in multiple functional 
material systems has resulted in increased defect mobility by reducing the defect-migration 
energy barrier.310,311 Changes of the elastic layer are expected to change the stress state and 
this energy barrier, potentially affecting the mobility of defects (both inherent and/or 
radiation-induced) and their effects on the functional and structural properties of the 
ferroelectric material. 
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 Additionally, variations in microstructure, roughness, and texture of the 
substrate/elastic layer can propagate through the material stack, eventually affecting the 
structural and functional properties of the ferroelectric. Prior work on substrate/elastic layer 
variation in CSD ferroelectric thin films has demonstrated distinct changes in 
microstructure, texture, and functional response of the films. Kim et al. showed substantial 
changes in the preferred crystallographic orientation of sol-gel CSD PZT thin films 
fabricated with glass substrates substituted for the traditional Si/SiO2 lower material stack 
– the films on glass exhibited a much greater 111-orientation compared to the mixed 100- 
and 111-orientation of the PZT grown on Si/SiO2 substrates.312 A variety of similar studies 
on the effects of fabricating PZT thin films on substrates/buffer layers consisting of Ti, 
diamond, ZnO, Al2O3, GaAs, MgO, (La0.7Sr0.3)MnO3 (LSMO), etc., have also shown 
strong dependence of ferroelectric response, fatigue properties, and crystallographic 
orientation on the substrate and elastic layer material used.133,135,228,313,314 315 316 
 In this work, two different thicknesses of thermal SiO2 elastic layer, as well as a 
sputtered AlN elastic layer are used in order to study the resulting structural and functional 
effects on gamma-irradiated PZT thin films. Two different thicknesses of thermal SiO2 
elastic layer are studied, as well as a sputtered AlN elastic layer. Si/SiO2 substrates have 
traditionally been employed for fabrication of ferroelectric thin films, due to their ubiquity 
in microelectronics processing, high resistivity, and the diffusion-barrier properties 
exhibited by SiO2.228 On the other hand, AlN is a highly resistive, wurtzite-structured, wide 
band gap semiconductor material, and is commonly used for applications in surface 
acoustic wave sensors (SAW), RF filters, and bulk acoustic resonator (BAR) MEMS 
devices due to its piezoelectric properties and CMOS compatibility.1 Growth of thermal 
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SiO2 on Si wafers is typically expected to result in up to several hundred MPa biaxial stress, 
but can be highly-dependent on ambient growth conditions and total thickness.317 Sputtered 
AlN films similarly exhibit several hundred MPa up to GPa-range residual stress, 
depending on thickness and sputtering conditions.318 While the stress states of as-grown/as-
deposited SiO2 and AlN films are well-studied, the repeated thermal cycling of 
subsequently-deposited electrodes and ferroelectric layers inevitably alters the global stress 
state of the material stack. The work in this chapter attempts to elucidate this critical 
interaction by applying general X-ray diffraction estimates of the residual stress in the PZT 
thin films. However, due to the difficulty of assessing strain in highly-textured crystalline 
solids and the unavailability of unstressed PZT thin films with which to compare, the 
estimates in this chapter are primarily relative and serve as basic comparisons of materials 
and thicknesses. 
 
10.3 Experimental Methods 
 Substrates for film deposition were prepared by growing dry thermal SiO2 on 100-
Si substrates to final thicknesses of 760 nm and 2035 nm. A third set of samples was 
prepared on Si substrates sputtered with 750 nm AlN. The bottom electrode contact 
consisted of 35 nm sputtered TiO2 and 100 nm sputtered Pt on all three substrate/elastic 
layer stacks.132,235 PbZr0.52Ti0.48O3 (PZT) thin films were synthesized via chemical solution 
deposition (CSD) on each of the three substrates with 2-methoxyethanol (2-MOE)-based 
precursor solutions.111 A PbTiO3 seed layer was deposited for the 2-MOE films to induce 
001-texture.131 The films were deposited with a target thickness of 500 nm using 0.4M 
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solutions and pyrolysis temperatures of 365 °C for 60 s for each spin layer, and a 
crystallization anneal at 700 °C for 60 s after every 2 layers in a rapid thermal anneal 
furnace. IrO2 top electrodes, selected for continuity with prior work,32 were sputter-
deposited onto films at 500 °C and processed annealed at 650 °C after deposition in flowing 
O2 for 30 min. The top electrode and PZT layer were patterned using argon ion milling to 
create interconnects (of Au) to the electrode structures. This process is outlined 
elsewhere.100 
The fabricated samples were exposed to gamma radiation from a 60Co source at 
discrete doses ranging from 0.2 to 10 Mrad (equivalent Si dose) and a dose rate of ~600 
rad(Si)/s at the US Naval Research Laboratory (NRL). The geometry of the 60Co gamma 
source surrounds the sample, exposing it isotropically and eliminating potential effects 
resulting from the directionality of incident gamma rays. Electrodes were left floating 
during exposure. Dielectric, ferroelectric, and piezoelectric responses of the samples were 
fully characterized both before and after irradiation, including (in order) measurements of 
the low AC electric field dielectric permittivity, polarization measurements, nonlinear AC 
electric field dielectric response, DC electric field dielectric permittivity response, and DC 
electric field piezoelectric response. All measurements were performed on the same 
electrode/sample pre- and post-irradiation in order to accurately track changes in the 
response as function of radiation dose. The results of these measurements are shown in 
Table 10-1, Table 10-2, and Table 10-3. A 600-second poling step at 10 V (approximately 
five times the coercive voltage, VC) DC bias was performed at room temperature directly 
before the measurements of piezoelectric response for both pre- and post-irradiation sets 
of measurements in order to maximize dipole alignment in the out-of-plane measurement 
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direction. Low-field dielectric permittivity (εr) measurements were conducted at 100 mV 
and 1 kHz using an Agilent 4284A precision LCR meter. Polarization-electric field (P-E) 
hysteresis loops were performed up to fields of 250 kV/cm at 100 Hz, using a Radiant P-
PM2 ferroelectric test system. Nonlinear AC dielectric permittivity (εr-EAC) was measured 
up to approximately 150 kV/cm AC at 1 kHz. DC field-dependent dielectric permittivity 
(εr-EDC) measurements were performed up to 250 kV/cm DC bias with an overlapping 
small-signal 100 mV AC bias at 1 kHz. Measurements of the converse, effective 
longitudinal piezoelectric response (d33,f) were performed on an aixACCT double beam 
laser interferometer (DBLI) system up to 250 kV/cm DC bias with an overlapping AC 
signal VAC ≈ 0.5VC. Reported measurements are subject to experimental error up to 3-5% 
due to sample variability and measurement error. The vertical shift in the P-E loops, ΔP/2 
(Table 2), the horizontal shift in the P-E and d33,f - EDC hysteresis loops, and the dielectric 
tunability were calculated from according to formulas available in CHAPTER 3, Section 
3.3. The nonlinear dielectric response at low and intermediate AC electric field was 
analyzed using the Rayleigh approach to quantify changes in intrinsic and extrinsic 
dielectric response and is discussed in CHAPTER 2.24,29,236 
Baseline X-ray diffraction (XRD) analysis was performed on samples prior to 
irradiation using a PANalytical Alpha-1. Atomic force microscopy (AFM) was performed 
to image film surface microstructure using an Asylum Research MFP-3D in contact mode. 
Cross-sectional scanning electron microscopy (SEM) was employed to visually observe 
grain microstructure and porosity through the thickness of the films. Samples were sputter 
coated with 20 nm of Au before SEM imaging to increase sample conductivity. Cross 
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sectional imaging was performed using an FEI Verios field-emission scanning electron 
microscope in secondary lens mode. 
Transmission Kikuchi diffraction (TKD) was performed on the samples to quantify 
microstructure and local grain orientations. Samples were prepared with focused ion beam 
(FIB) milling after depositing a 3 µm-thick Pt layer on the sample surface for protection 
from electron and ion damage (FEI Quanta 3D FEG). A 20 nm Au layer was subsequently 
sputtered on the FIB liftout to increase sample conductivity and mitigate sample drift. 
Cross-sectional TKD samples were prepared using both electron and ion beam guns 
(SEM/FIB) (FEI Quanta 3D FEG). TKD images were acquired using an Oxford 
Instruments NordlysNano electron backscatter diffraction (EBSD) detector; Kikuchi 
diffraction patterns were taken at 30 kV (Oxford Instruments Aztec software). TKD data 
was processed using the HKL CHANNEL5 program Tango. Kikuchi images for the PZT 
were indexed to the cubic phase of the perovskite structure to describe grain orientations 
in the PZT film. The PZT composition is in close proximity to a morphotropic phase 
boundary (MPB) and the small structural distortions from cubic to tetragonal cannot be 
reliably indexed. 
In order to observe local piezoelectric response in the PZT thin films, dual 
amplitude resonance tracking (DART) piezoresponse force microscopy (PFM) was 
performed on one sample from each set of films with different elastic layers with an 
Asylum Research MFP-3D. PFM scans were performed on 3 µm × 3 µm areas to observe 
local domain structures. Local switching spectroscopy (SS-PFM) was performed to obtain 
the amplitude and phase of the piezoresponse at that location. Measurements were 
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performed with a probe set point of 1 V (~ 0.5VC), and SS-PFM loops were performed up 
to 8 V tip bias. Piezoresponse is calculated using the expression 
 𝑃𝑖𝑒𝑧𝑜𝑟𝑒𝑠𝑝𝑜𝑛𝑠𝑒 = 	𝐴𝑚𝑝 ∗ cos𝜙 10-1 
where Amp and ϕ are the amplitude and phase of the measured SS-PFM response, 
respectively. Raw SS-PFM response data was smoothed with an adjacent-point averaging 
algorithm for better visualization. 
Table 10-1 Measured dielectric permittivity and loss tangent, polarization, and 
effective longitudinal piezoelectric response at increasing radiation doses for PZT 
thin films 760 nm SiO2 elastic layer. Percent change is calculated from measurements 
before and after the given radiation dose. Uncertainties expressed represent one 
standard deviation from the mean to one significant figure. Measurement values are 
reported to the same decimal place as the uncertainties.172 
760 nm 
SiO2 
 0 Mrad 0.2 0.5 1.0 2.0 5.0 10.0 
Low-field 
Dielectric         
ε
r 
Virgin 1254 ± 5 1241 ± 4 1290 ± 20 1243 ± 3 1270 ± 8 1250 ± 10 1270 ± 10 
Irradiated 1230 ± 10 1250 ± 10 1260 ± 20 1215 ± 3 1206 ± 8 1130 ± 30 1090 ± 20 
% Change -2 ± 1 0.6 ± 0.9 -2.3 ± 0.4 -2.3 ± 0.1 -5.0 ± 0.8 -2 ± 2 -15 ± 1 
tan(δ) (%) 
Virgin 2.4 ± 0.3 1.6 ± 0.3 4.4 ± 0.8 2.2 ± 0.3 2.6 ± 0.7 1.6 ± 0.2 3.2 ± 0.7 
Irradiated 2.6 ± 0.2 1.7 ± 0.2 4.1 ± 0.9 2.3 ± 0.4 3 ± 1 1.5 ± 0.1 2.0 ± 0.5 
% Change 10 ± 20 8 ± 9 -7 ± 7 3 ± 2 -0 ± 20 -10 ± 10 -40 ± 6 
Rayleigh 




Virgin 1280 ±030 1050 ± 20 1200 ± 200 1090 ± 20 1100 ± 100 1100 ± 100 1200 ± 200 
Irradiated 1190 ± 80 1053 ± 8 1180 ± 90 1200 ± 200 1200 ± 20 1070 ± 40 1090 ± 50 
% Change -7 ± 4 0 ± 1 -2 ± 7 10 ± 20 10 ± 10 0 ± 5 0 ± 10 
α (cm/kV) 
Virgin 41 ± 1 40.2 ± 0.2 42 ± 3 50.1 ± 0.6 36 ± 2 41 ± 3 46 ± 5 
Irradiated 33 ± 5 31 ± 1 32 ± 2 29 ± 3 27 ± 2 23 ± 2 25 ± 7 





Virgin 32 ± 2 38 ± 1 35 ± 8 45.7 ± 0.9 31 ± 4 39 ± 6 50 ± 10 
Irradiated 28 ± 3 29.2 ± 0.7 27 ± 1 25 ± 6 22 ± 1 21.6 ± 0.9 24 ± 5 
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% Change -10 ± 10 -24 ± 4 -20 ± 10 -50 ± 13 -29 ± 5 -40 ± 10 -50 ± 20 





Virgin 37.8 ± 0.6 36.8 ± 0.2 42 ± 2 38.0 ± 0.6 38 ± 1 40.1 ± 0.6 39.1 ± 0.9 
Irradiated 36.9 ± 0.7 36.2 ± 0.4 41 ± 2 37.4 ± 0.8 38 ± 2 35.0 ± 0.3 35.1 ± 0.6 





Virgin 14.1 ± 0.9 11.2 ± 0.5 16 ± 2 13.4 ± 0.6 14 ± 1 15.1 ± 0.6 16 ± 1 
Irradiated 14 ± 1 10.4 ± 0.8 15 ± 2 12 ± 1 12 ± 1 8.0 ± 0.9 8.2 ± 0.7 
% Change -1 ± 9 -6 ± 4 -10 ± 4 -13 ± 3 -12 ± 2 -47 ± 4 -47 ± 3 
ΔP/2 
(µC/cm2) 
Virgin -0.6 ± 0.1 -2.0 ± 0.3 -2.0 ± 0.1 -1.1 ± 0.1 -1.4 ± 0.4 -1.7 ± 0.1 -0.4 ± 0.1 
Irradiated -0.1 ± 0.6 -3 ± 2 -2.1 ± 0.2 -1.4 ± 0.2 -1.5 ± 0.6 -1.7 ± 0.6 -1.0 ± 0.3 
% Change -90 ± 100 100 ± 100 5 ± 5 30 ± 20 0 ± 20 0 ± 40 200 ± 100 
EC+ (kV/cm) 
Virgin 23.6 ± 0.8 32 ± 2 29 ± 2 22 ± 1 29 ± 1 26 ± 1 21.6 ± 0.6 
Irradiated 34 ± 2 39 ± 1 36 ± 5 33 ± 4 34 ± 3 38 ± 4 31 ± 5 
% Change 43 ± 9 21 ± 7 20 ± 20 50 ± 20 20 ± 10 40 ± 20 40 ± 20 
EC- (kV/cm) 
Virgin -34 ± 1 -17 ± 2 -30 ± 2 -33 ± 2 -21 ± 2 -35 ± 4 -37 ± 2 
Irradiated -28 ± 3 -15 ± 1 -22 ± 1 -20 ± 3 -18 ± 1 -12 ± 2 -14 ± 2 
% Change -20 ± 10 -13 ± 4 -28 ± 4 -41 ± 7 -12 ± 6 -67 ± 5 -63 ± 6 
Einternal,P 
(kV/cm) 
Virgin -5.0 ± 0.3 7 ± 2 0 ± 1 -6 ± 2 4 ± 1 -8 ± 1 -8 ± 1 
Irradiated 3 ± 1 11.9 ± 0.8 7 ± 2 7 ± 3 8 ± 1 13 ± 2 9 ± 3 
% Change -160 ± 30 70 ± 30 -800 ± 90 -230 ± 50 120 ± 80 -500 ± 300 -210 ± 50 
εr-EDC         
% Diel. 
Tunability 
Virgin 72.9 ± 0.1 74.1 ± 0.2 72.6 ± 0.1 73.2 ± 0.3 74.6 ± 0.2 74.1 ± 0.8 72.8 ± 0.1 
Irradiated 72.7 ± 0.3 73.6 ± 0.1 71.8 ± 0.4 72.3 ± 0.3 73.3 ± 0.5 71.7 ± 0.6 70.1 ± 0.1 




Virgin 1420 ± 20 1354 ± 5 1430 ± 10 1450 ± 10 1395 ± 3 1380 ± 20 1433 ± 10 
Irradiated 1350 ± 20 1323 ± 8 1390 ± 10 1360 ± 5 1377 ± 7 1290 ± 30 1260 ± 10 
% Change -5 ± 2 -2.3 ± 0.7 -2.9 ± 0.1 -6.3 ± 0.8 -1.3 ± 0.4 -6 ± 2 -12.1 ± 0.5 




Virgin 72 ± 3 67 ± 3 70 ± 3 76 ± 2 80 ± 10 73 ± 4 75 ± 4 
Irradiated 69 ± 4 61 ± 3 74 ± 5 73 ± 9 75 ± 9 70 ± 6 73 ± 3 




Virgin 51 ± 6 27 ± 5 36 ± 8 43 ± 5 45 ± 7 34 ± 5 52 ± 3 
Irradiated 37 ± 7 21 ± 4 30 ± 10 32 ± 8 27 ± 3 20 ± 10 23 ± 6 
% Change -29 ± 9 -20 ± 20 -20 ± 50 -30 ± 10 -40 ± 10 -40 ± 40 -60 ± 10 
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Table 10-2 Measured dielectric permittivity and loss tangent, polarization, and 
effective longitudinal piezoelectric response at increasing radiation doses for PZT 
thin films 2035 nm SiO2 elastic layer. Percent change is calculated from 
measurements before and after the given radiation dose. Uncertainties expressed 
represent one standard deviation from the mean to one significant figure. 
Measurement values are reported to the same decimal place as the uncertainties.172 
2035 nm 
SiO2 
 0 Mrad 0.2 0.5 1.0 2.0 5.0 10.0 
Low-field 
Dielectric         
ε
r 
Virgin 1231 ± 3 1250 ± 6 1232 ± 2 1228 ± 6 1238 ± 6 1233 ± 2 1252 ± 5 
Irradiated 1230 ± 10 1290 ± 20 1224 ± 7 1200 ± 20 1180 ± 20 1120 ± 10 1083 ± 2 
% Change 0 ± 1 3 ± 1 -1 ± 1 -2 ± 1 -5 ± 1 -9.1 ± 0.8 -13.5 ± 0.5 
tan(δ) (%) 
Virgin 1.4 ± 0.1 1.5 ± 0.2 1.3 ± 0.1 1.3 ± 0.1 1.5 ± 0.1 1.5 ± 0.3 1.2 ± 0.1 
Irradiated 1.5 ± 0.1 2.2 ± 0.3 1.5 ± 0.1 1.5 ± 0.2 1.3 ± 0.1 1.1 ± 0.1 1.0 ± 0.1 
% Change 13 ± 7 60 ± 40 12 ± 9 10 ± 10 -12 ± 3 -20 ± 10 -16 ± 5 
Rayleigh 




Virgin 930 ± 50 1103 ± 4 1070 ± 30 1148 ± 5 1164 ± 3 940 ± 40 1079 ± 3 
Irradiated 900 ± 100 991 ± 2 879 ± 5 1013 ± 3 1070 ± 20 1060 ± 30 1110 ± 70 
% Change -10 ± 10 -10.2 ± 0.4 -18 ± 2 -11.7 ± 0.3 -8 ± 1 13 ± 6 3 ± 7 
α (cm/kV) 
Virgin 50 ± 5 39.7 ± 0.7 52 ± 1 38.5 ± 0.3 40.9 ± 0.9 52 ± 2 41.1 ± 0.3 
Irradiated 44 ± 5 34.8 ± 0.7 37.7 ± 0.5 28.5 ± 0.2 26.6 ± 0.6 27 ± 7 18 ± 3 





Virgin 54 ± 8 36.0 ± 0.6 48 ± 2 33.6 ± 0.4 35.1 ± 0.7 56 ± 2 38.1 ± 0.4 
Irradiated 51 ± 7 35.1 ± 0.8 42.9 ± 0.3 28.1 ± 0.3 24.9 ± 0.9 25 ± 6 16 ± 3 
% Change -6 ± 1 -3 ± 1 -11 ± 3 -16.5 ± 0.5 -29 ± 4 -60 ± 10 -58 ± 9 





Virgin 35.5 ± 0.1 35.6 ± 0.1 35.3 ± 0.1 35.5 ± 0.1 35.7 ± 0.1 35.6 ± 0.1 35.4 ± 0.1 
Irradiated 35.0 ± 0.3 35.1 ± 0.3 34.9 ± 0.2 34.8 ± 0.2 35.0 ± 0.2 34.6 ± 0.2 34.0 ± 0.3 





Virgin 12 ± 1 10.6 ± 0.2 11.2 ± 0.2 10.4 ± 0.2 12.9 ± 0.4 11 ± 1 10.6 ± 0.2 
Irradiated 10.9 ± 0.7 9.6 ± 0.2 9.4 ± 0.4 8.2 ± 0.5 7.8 ± 0.6 6.9 ± 0.9 4.0 ± 0.8 
% Change -5 ± 6 -10 ± 3 -16 ± 4 -21 ± 4 -40 ± 5 -38 ± 7 -62 ± 7 
ΔP/2 
(µC/cm2) 
Virgin -0.8 ± 0.8 -1.6 ± 0.1 -1.1 ± 0.1 -1.1 ± 0.1 -1.0 ± 0.6 -1.0 ± 0.6 -1.4 ± 0.1 
Irradiated -0.9 ± 0.4 -1.9 ± 0.2 -1.6 ± 0.3 -2.2 ± 0.2 -2.2 ± 0.3 -1.9 ± 0.5 -3.1 ± 0.4 
% Change 200 ± 300 15 ± 6 50 ± 20 30 ± 10 400 ± 100 100 ± 100 130 ± 30 
EC+ (kV/cm) Virgin 23 ± 3 29.8 ± 0.6 24 ± 1 29.6 ± 0.3 15.6 ± 0.8 23 ± 3 28.3 ± 0.9 
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Irradiated 32 ± 6 37 ± 1 34 ± 7 39 ± 1 33 ± 9 35 ± 9 41 ± 1 
% Change 40 ± 30 24 ± 5 40 ± 30 33 ± 3 110 ± 50 50 ± 50 44 ± 7 
EC- (kV/cm) 
Virgin -26 ± 6 -16.2 ± 0.7 -23.9 ± 0.6 -15.8 ± 0.4 -26 ± 1 -25 ± 5 -17 ± 3 
Irradiated -20 ± 3 -13.7 ± 0.2 -16 ± 6 -11.4 ± 0.6 -13 ± 4 -12 ± 5 -6 ± 1 
% Change -20 ± 30 -15 ± 5 -30 ± 30 -28 ± 3 -50 ± 20 -50 ± 30 -68 ± 
Einternal,P 
(kV/cm) 
Virgin -1 ± 5 6.8 ± 0.6 0 ± 0.9 6.9 ± 0.2 -5 ± 1 -1 ± 4 5 ± 2 
Irradiated 6 ± 5 11.6 ± 0.5 9 ± 6 14.0 ± 0.8 10 ± 7 12 ± 7 18 ± 1 
% Change -200 ± 200 70 ± 20 -80 ± 40 103 ± 8 -300 ± 200 -300 ± 400 300 ± 200 
εr-EDC         
% Diel. 
Tunability 
Virgin 74.3 ± 0.3 74.7 ± 0.4 74.3 ± 0.2 74.5 ± 0.2 74.6 ± 0.3 74.2 ± 0.1 74.8 ± 0.2 
Irradiated 74.0 ± 0.7 74.2 ± 0.3 74.0 ± 0.2 73.0 ± 0.1 73.0 ± 0.1 71.8 ± 0.3 71.3 ± 0.5 




Virgin 1400 ± 10 1355 ± 3 1400 ± 9 1359 ± 9 1400 ± 30 1400 ± 30 1380 ± 10 
Irradiated 1350 ± 30 1324 ± 4 1348 ± 3 1307 ± 1 1319 ± 9 1320 ± 40 1247 ± 2 
% Change -4 ± 2 -2.3 ± 0.5 -3.7 ± 0.7 -3.8 ± 0.5 -5 ± 1 -5 ± 3 -10 ± 1 




Virgin 78 ± 5 75.1 ± 0.8 76.4 ± 0.6 74 ± 6 78 ± 2 78 ± 5 80.0 ± 0.9 
Irradiated 78 ± 3 78 ± 2 72 ± 3 76 ± 3 76 ± 1 74 ± 1 77 ± 4 




Virgin 50 ± 10 40 ± 1 43 ± 2 40 ± 3 43 ± 3 51 ± 5 42 ± 1 
Irradiated 34 ± 8 27.1 ± 0.6 25 ± 2 22 ± 1 23 ± 4 19 ± 7 7 ± 4 
% Change -31 ± 4 -32 ± 4 -42 ± 4 -44 ± 6 -46 ± 9 -60 ± 20 -83 ± 9  
 
Table 10-3 Measured dielectric permittivity and loss tangent, polarization, and 
effective longitudinal piezoelectric response at increasing radiation doses for PZT 
thin films 750 nm AlN elastic layer. Percent change is calculated from measurements 
before and after the given radiation dose. Uncertainties expressed represent one 
standard deviation from the mean to one significant figure. Measurement values are 
reported to the same decimal place as the uncertainties.172 
750 nm 
AlN 
 0 Mrad 0.2 0.5 1.0 2.0 5.0 10.0 
Low-field 
Dielectric         
ε
r 
Virgin 1170 ± 20 1180 ± 30 1190 ± 20 1210 ± 10 1200 ± 40 1193 ± 8 1200 ± 12 
Irradiated 1100 ± 30 1100 ± 20 1080 ± 40 1095 ± 5 1090 ± 50 1000 ± 20 990 ± 30 
% Change -6 ± 1 -6.6 ± 0.8 -9 ± 2 -9.8 ± 0.5 -10 ± 1 -16 ± 1 -18 ± 2 
Virgin 1.7 ± 0.2 2.2 ± 0.2 4.0 ± 0.3 2.3 ± 0.2 2.8 ± 0.8 1.5 ± 0.1 2.0 ± 0.3 
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tan(δ) (%) 
Irradiated 1.3 ± 0.1 1.7 ± 0.1 3.0 ± 0.3 1.4 ± 0.1 2.0 ± 0.7 1.0 ± 0.1 1.1 ± 0.2 
% Change -22 ± 3 -23 ± 8 -26 ± 5 -37 ± 4 -32 ± 9 -34 ± 5 -45 ± 7 
Rayleigh 




Virgin 1000 ± 100 1000 ± 100 923 ± 6 1000 ± 100 1000 ± 100 991 ± 4 950 ± 30 
Irradiated 891 ± 7 900 ± 40 920 ± 30 951 ± 5 930 ± 30 889 ± 6 910 ± 30 
% Change -10 ± 10 -14 ± 8 -1 ± 3 0 ± 10 0 ± 10 -10 ± 0.3 -4 ± 2 
α (cm/kV) 
Virgin 34 ± 5 36.1 ± 0.6 33.7 ± 0.3 41 ± 3 40 ± 6 27 ± 1 32 ± 2 
Irradiated 27 ± 3 23 ± 1 19 ± 2 22.4 ± 0.34 20 ± 3 12.1 ± 0.6 12 ± 2 





Virgin 37 ± 3 35 ± 4 36.5 ± 0.5 43 ± 3 43 ± 9 27 ± 1 34 ± 2 
Irradiated 28.5 ± 0.1 26 ± 3 21 ± 3 23.5 ± 0.4 21 ± 4 13.6 ± 0.8 14 ± 2 
% Change -22 ± 6 -25 ± 5 -43 ± 8 -45 ± 4 -50 ± 6 -49.7 ± 0.7 -60 ± 5 





Virgin 41.2 ± 0.1 41.5 ± 0.2 39.7 ± 0.2 41.5 ± 0.2 40. ± 0.4 40.7 ± 0.1 41.0 ± 0.1 
Irradiated 40.7 ± 0.7 41 ± 1 38.8 ± 0.8 40.5 ± 0.6 39.5 ± 0.6 39.5 ± 0.2 39.3 ± 0.4 





Virgin 15.6 ± 0.4 15.4 ± 0.6 17.7 ± 0.2 16.1 ± 0.3 16.5 ± 0.4 12.2 ± 0.8 15.9 ± 0.8 
Irradiated 15.2 ± 0.2 15 ± 1 15 ± 1 14.0 ±0.2 13.6 ± 0.9 6 ± 2 7 ± 2 
% Change -2 ± 1 -3 ± 5 -16 ± 6 -13.1 ± 0.8 -18 ± 4 -50 ± 20 -50 ± 10 
ΔP/2 
(µC/cm2) 
Virgin -1.3 ± 0.4 -1.6 ± 0.3 1.0 ± 0.4 -1.3 ± 0.2 0.5 ± 0.6 -1.3 ± 0.3 -0.6 ± 0.6 
Irradiated -0.9 ± 0.3 -1.1 ± 0.3 0.3 ± 0.2 -1.1 ± 0.3 0.3 ± 0.8 -4 ± 2 -3 ± 2 
% Change -30 ± 20 -30 ± 30 -70 ± 30 -10 ± 20 -100 ± 200 200 ± 100 900 ± 500 
EC+ (kV/cm) 
Virgin 33 ± 1 29 ± 1 26 ± 1 30 ± 3 20 ± 6 27 ± 1 32 ± 2 
Irradiated 44 ± 3 40 ± 6 44 ± 3 48 ± 1 40 ± 20 47 ± 4 51 ±7 
% Change 30 ± 10 40 ± 20 70 ± 20 60 ± 10 70 ± 80 80 ± 20 60 ± 30 
EC- (kV/cm) 
Virgin -20 ± 1 -24 ± 4 -40 ± 1 -25 ± 3 -38 ± 3 -15.2 ± 0.9 -19 ± 1 
Irradiated -16.7 ± 0.5 -18 ± 2 -21.4 ± 0.8 -16 ± 2 -18 ± 4 -3 ± 4 -6 ± 4 
% Change -13 ± 6 -20 ± 10 -47 ± 3 -37 ± 8 -50 ± 10 -80 ± 30 -70 ± 20 
Einternal,P 
(kV/cm) 
Virgin 6.8 ± 0.8 3 ± 2 -7 ± 1 3 ± 3 -9 ± 2 5.9 ± 0.7 6 ± 1 
Irradiated 14 ± 1 11 ± 4 11 ± 2 16.0 ± 0.7 10 ± 10 22 ± 4 23 ± 5 
% Change 100 ± 30 600 ± 500 -250 ± 20 0 ± 2000 -200 ± 100 300 ± 100 300 ± 100 
εr-EDC         
% Diel. 
Tunability 
Virgin 74.8 ± 0.1 74.0 ± 0.1 74.5 ± 0.3 74.6 ± 0.3 74.3 ± 0.6 74.0 ± 0.2 74.6 ± 0.3 
Irradiated 74.8 ± 0.1 73.7 ± 0.4 72.8 ± 0.3 74.3 ± 0.1 73 ± 1 72.6 ± 0.3 72.1 ± 0.4 
% Change 0.1 ± 0.3 -0.4 ± 0.4 -2.3 ± 0.5 -0.5 ± 0.3 -1 ± 1 -1.8 ± 0.2 -3.3 ± 0.3 





Irradiated 1230 ± 40 1195 ± 7 1163 ± 3 1229 ± 3 1190 ± 40 1125 ± 3 1130 ± 70 
% Change -6 ± 2 -9.1 ± 0.3 -9.1 ± 0.1 -7.2 ± 0.5 -10.5 ± 0.9 -16.0 ± 0.4 -14 ± 4 




Virgin 74 ± 6 74 ± 4 72 ± 2 74 ± 5 68 ± 2 76 ± 3 75 ± 2 
Irradiated 75 ± 2 77.7 ± 0.4 74 ± 4 74 ± 3 73 ± 1 73 ± 2 73 ± 2 




Virgin 66 ± 5 58 ± 4 68 ± 8 56 ± 3 70 ± 10 44 ± 4 70 ± 20 
Irradiated 63 ± 9 52 ± 4 44 ± 5 41 ± 7 50 ± 10 5 ± 4 10 ± 10 
% Change 5 ± 9 10 ± 10 30 ± 10 33 ± 3 31 ± 8 90 ± 10 80 ± 20 
 
10.4 Results and Discussion 
10.4.1 Crystallographic Phase and Strain Analysis 
 Baseline XRD shows distinct differences in crystallographic texture arising from 
elastic layer material selection (Figure 10-1). While all three samples demonstrate a strong 
001-texture (93%, 94%, and 93% Lotgering factor for 760 nm SiO2, 2035 nm SiO2, and 
750 nm AlN, respectively), the samples with SiO2 elastic layers demonstrate notable peak 
splitting of the PZT 001 peak. On the other hand, the samples fabricated with AlN elastic 
layers show no evidence of such splitting, but also exhibit notable PZT 110-orientation, 
suggesting a nominally more varied orientation than the SiO2 samples.  
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Figure 10-1 XRD analysis of un-irradiated films with (a) 750 nm SiO2, (b) 2035 nm 
SiO2, and (c) 760 nm AlN elastic layers. Notably, the two films with SiO2 elastic layers 
are highly 001-textured and show splitting of the same, while the film with AlN show 
slightly weaker 001-texture and some presence of PZT 110- and 111-peaks. 
 As discussed previously, modification of the elastic layer thickness and material 
can result in changes to the residual stress state of the entire material stack during thermal 
loading for fabrication and crystallization of the ferroelectric material. However, 
measurement of this residual stress proved to be quite difficult. Wafer curvature 
measurements were not taken before fabrication of the PZT thin films, and thus, strain 
estimation using the Stoney formula for thin film residual stress was not possible.319-322 X-
ray diffraction is often used to measure stress/strain in crystalline materials, using the 
Williamson-Hall method, in which crystallographic texture is tracked while rotating the 
stage about three axes, and compiled after measurements to extract the lattice strain. 323 
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Williamson-Hall measurements were performed (PANalytical Empyrean), but in highly-
textured samples such as those studied here, insufficient data points in directions not 
aligned with the crystallographic texture of the samples does not allow for accurate 
estimation of the strain. Further attempts to characterize the strain via estimations of the 
lattice ellipsoid parameter were also unsuccessful, due to the relative obscurity of the 
method and need for verification thereof via simulations.324 
 Though accurate characterization of the stress was not feasible, an estimation of 
relative strain in each sample is possible using high-resolution XRD scans and Bragg’s 
law. Bragg’s law describes the angles for scattering of incident X-rays from contact with a 
crystal lattice, given by the expression 
 𝑛𝜆 = 	2𝑑[\]^_ sin 𝜃 10-2 
where n is the diffraction order, λ is the X-ray wavelength, dspace is the out-of-plane lattice 
spacing of the interrogated material, and θ is the diffraction angle. Using the locations of 
the peaks in the XRD trace, the dspace for each sample can be roughly estimated and 
relatively compared. 
 Figure 10-2 shows profiles for the PZT 001- and 002-peaks of the XRD 
measurements, having been aligned to the Si 400 peak (see Figure 10-1) and adjusted along 
the y-axis for easier comparison. A Voigt profile was fit to the PZT 001-peak (OriginLab 
Pro nonlinear peak fit) to extract the peak center and full width at half maximum (FWHM) 
(Table 10-1). The dspace values were extracted using λ = 0.1540598 nm (PANalytical Alpha-
1 Cu Ka radiation), and compared to the lattice parameter from a PZT powder sample with 
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dspace = 4.055 Å (PDF 01-07-4060).325 Calculations of stress were performed using Young’s 
modulus Ey = 84 GPa as estimated by Yagnamurthy et al.326 The results of the comparison 
show reduced lattice parameters and corresponding estimates of up to several hundred MPa 
out-of-plane compressive stress in the PZT lattice. This out-of-plane compressive stress 
translates to in-plane, biaxial, tensile film stress in the PZT thin films of reasonable (if not 
slightly high) values comparable to those found in the literature (Figure 10-1).274,319,327 
However, these results should be taken cautiously, and the more noteworthy result is 
demonstrating the relative values of in-plane film strain in the three samples – i.e., the two 
samples with SiO2 elastic layers show comparatively much greater magnitude of tensile 
film stress/strain than the film with an AlN elastic layer, and the disparity between the two 
samples with SiO2 elastic layers is small relative to their difference from the AlN. These 
relative comparisons are important for elucidating potential contributions of stress and 
defect motion in irradiated films. 
Table 10-4 Rough estimates for lattice parameter dspace, strain, and stress in the PZT 
samples used in this work, based on position of the PZT 001-peak. Peak fitting for 
maximum and FWHM was performed with a Voigt profile. Negative values of strain 
and stress denote compressive. 
Sample 760 nm SiO2 2035 nm SiO2 750 nm AlN 
2θcenter (°) 21.9695 ± 2×10-4 21.9529 ± 1×10-4 21.9111 ± 6×10-4 
FWHM 0.1351 ± 7×10-4 0.1431 ± 5×10-4 0.167 ± 0.002 
dspace (Å) 4.043 4.046 4.053 
Out-of-Plane 
Strain (%) -0.307 -0.233 -0.044 
Out-of-Plane 
Stress (MPa) -258 -195 -37 
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Figure 10-2 High-resolution profiles of the XRD data for the PZT (a) 001- and (b) 
002-peaks. The 001-peaks in (a) have been fit with a Voigt profile for estimation of 
lattice strain. (c) shows a schematic illustration of a powder and thin film tetragonal 
PZT lattice, with a reduction to the lattice parameter dspace , and the resulting out-of-
plane compressive stress and corresponding in-plane tensile stress in the thin film. 
 
10.4.2 Microstructural and Morphological Analysis 
 Results of SEM, AFM, and TKD experiments elucidate microstructural factors 
potentially contributing to eventual radiation tolerance and functional response 
modification. Figure 10-3 shows cross-sectional SEM images of the three samples, 
demonstrating dense, columnar microstructure in all three films. All three sets of samples 
show some degree of discontinuity at a central interface in the thickness of the film, 














the three films shows very smooth structure and generally indistinguishable grains (Figure 
10-4). The TKD data shown in Figure 10-5 demonstrates interesting differences in grain 
orientation characteristics for three samples: those with SiO2 show a large degree of grain 
orientation uniformity in both the cubic and tetragonal out-of-plane indexing, while the 
sample with the AlN elastic layer shows large variations in grain orientation in the out-of-
plane direction (Figure 10-1).  
 
Figure 10-3 Cross-sectional scanning electron microscopy (SEM) images PZT thin 
films with elastic layers consisting of (a) 760 nm SiO2, (b) 2035 nm SiO2, and (c) 750 




Figure 10-4 Atomic force microscopy (AFM) scans of the surface of samples from 
each of the three types of films studied here. All samples show generally smooth 
surface structure. Note that the raised bumps in (a) are likely residue from processing. 
Images have been flattened with a first order algorithm to eliminate sample tilt. 
 
Figure 10-5 Trasmission Kikuchi diffraction of the films with (a) 760 nm SiO2, (b) 
2035 nm SiO2, and (c) 750 AlN elastic layers. Band contrast, cubic index, and 
tetragonal index images are shown. Notably, the two samples with SiO2 elastic layers 
show very uniform grain orientations, while the film with an AlN elastic layer shows 
a large degree of randomness. 
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10.4.3 Trends in Functional Response with Radiation Dose 
 The results of the dielectric, ferroelectric, and piezoelectric functional response 
characterization generally demonstrate (with exception of the nonlinear AC dielectric 
response) that samples with 760 nm SiO2 and 750 nm AlN elastic layers appear to suffer 
from qualitatively greater radiation-induced degradation. Selected hysteresis loops and 
responses have been plotted from the ferroelectric, dielectric, and piezoelectric responses 
as a function of both AC and DC electric field in Figure 10-6. Greater pinching of the P-E 
hysteresis loops (Figure 10-6a and Figure 10-6c) and the formation of a new peak is 
observed in the DC field-dielectric permittivity (εr-EDC) response (Figure 10-6l) for 
samples with AlN elastic layers. On the other hand, samples with 2035 nm SiO2 elastic 
layer do not demonstrate such notable changes to the P-E hysteresis loop and show slightly 
less degradation of the piezoelectric and εr-EDC response loops. The AC dielectric response 
for 750 nm AlN samples also shows notably greater degradation for than both samples with 
SiO2 (Figure 10-6d). 
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Figure 10-6 Selected plots and hysteresis loops from the ferroelectric (a, b, c), AC 
dielectric (d, e, f), DC piezoelectric (g, h, i) and DC dielectric (j, k, l) functional 
responses for samples with (a, d, g, j) 760 nm SiO2, (b, e, h, k) 2035 nm SiO2, and (c, 
f, i, l) 750 nm AlN elastic layers. 
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 The phenomenological model developed in CHAPTER 5 is applied to selected 
response parameters in order to offer a more quantitative approach to evaluating the TID 
trends.189 Full details of the model derivation and detailed discussion are available in 
CHAPTER 5 and elsewhere.189 Results of fitting the model to the functional 
characterization data as a function of TID are given in Table 10-5. Plots of degradation 
trends and the fitted model are shown in Figure 10-7, Figure 10-8, and Figure 10-9.  
Table 10-5 Extracted φN and k parameters using the phenomenological model 
developed in CHAPTER 5 for selected functional response parameters from the 
degradation trends for the samples with each type of elastic layer studied here.  
 760 nm SiO2 2035 nm SiO2 750 nm AlN 
 φN × 103 k φN × 103 k φN × 103 k 
ε
r
 21 0.24 19 0.17 26 0.76 
ε
init
 1 0.36 -9 1.17 -12 1.23 
α 120 0.70 133 0.61 126 0.79 
α/ε
init
 ×103 87 0.77 127 0.34 110 0.80 
P
saturation
  19 0.40 6 0.69 3 0.86 
P
remanent
 101 0.30 139 0.48 117 0.34 
Diel. Tunability 6 0.57 7 0.49 5 0.58 
d
33,f,saturation
 -3 1.08 7 0.50 2 1.30 
d
33,f,remanent




Figure 10-7 Degradation trends and fitted phenomenological model for (a) low-field 
dielectric permittivity and (b) P-E hysteresis as a function of gamma radiation dose.  
 
 
Figure 10-8 Degradation trends and fitted phenomenological model for (a) Rayleigh 




Figure 10-9 Degradation trends and fitted phenomenological model for (a) remanent 
and saturation piezoelectric response and (b) DC electric field-depeendent dielectric 
response as a function of gamma radiation dose. 
 Comparison of the fitting parameters in Table 10-5 helps to make more robust 
conclusions regarding the effects of modifying the elastic layer on irradiated functional 
response. Most notably, the k parameter is greatest for the samples with the AlN elastic 
layer for all measurements with the exception of remanent polarization (Prem) and remanent 
piezoelectric response (d33,f,rem). However, it is notable that the value of φN is much greater 
for samples with AlN elastic layer for d33,f,rem, and observation of the plotted trend shows 
a larger degradation of the response across the dose range, especially at higher doses 
(Figure 10-9). Furthermore, the trends for Prem appear to suggest that behavior for samples 
with AlN would demonstrate greater global degradation (higher φN) at doses exceeding 10 
Mrad. On the other hand, comparison of the two sets of samples with different thicknesses 
of SiO2 elastic layers does not appear to show any conclusive trend – in many cases the 
degradation tend is substantially different (Prem, Psat, d33,f,rem) and in other cases, the trends 
are very similar (εr, α). These and the previous results seem to suggest that PZT thin films 
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fabricated with AlN elastic layers results in reduced radiation tolerance when compared to 
those fabricated on SiO2 elastic layers, but SiO2 layer thickness trends are inconclusive.  
 
10.4.4 Piezoresponse Force Microscopy 
 Results of the DART PFM surface scans shed light on the local, microscopic 
piezoelectric response inherent to each of the samples (Figure 10-10). Specifically, the 
samples with SiO2 elastic layers of both thicknesses show similar amplitude and phase of 
the piezoresponse, with domain structures of roughly 100 nm size (Figure 10-10a and 
Figure 10-10b). On the other hand samples with AlN elastic layers showed reduced 
piezoresponse, apparent by the less distinct domain structure and lower amplitude of the 
response (Figure 10-10c and Figure 10-10f).  
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Figure 10-10 Dual amplitude resonance tracking (DART) piezoresponse force 
microscopy (PFM) scans of each of the three types of films studied in this chapter with 
(a, d) 760 nm SiO2, (b, e) 2035 nm SiO2, and (c, f) 750 nm AlN elastic layers. (a, b, c) 
Amplitude and (d, e, f) phase of the piezoresponse are shown. Images have been 
flattened with a first order flattening algorithm to remove effects of sample tilt. 
 The results of the DART PFM scans are further accentuated by local switching 
spectroscopy measurements (SS-PFM) of the piezoresponse hysteresis (Figure 10-11). 
Samples with SiO2 elastic layers show well-developed butterfly strain loops with distinct 
phase and switching behavior (Figure 10-11a and Figure 10-11b). The samples with the 
AlN elastic layer, on the other hand, show poor loops with questionable switching, noisy 
phase, and much lower amplitude response with respect to the samples with SiO2 layers. 
These results suggest that microscopic piezoelectric response and hysteresis is limited in 
samples with AlN. Amplitude loops on samples with SiO2 elastic layers show internal bias 
(Figure 10-11), similar to the macroscopic P-E hysteresis loops shown in Figure 10-6, 
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while the nature of the response for the sample with the AlN elastic layer make such an 
assessment extremely difficult.  
 
Figure 10-11 Switching spectroscopy piezoresponse force microscopy (SS-PFM) 
measurements of local piezoresponse hysteresis. Shown are the amplitude, phase, and 
calculated piezoresponse for samples with (a) 760 nm SiO2, (b) 2035 nm SiO2, and (c) 
750 AlN elastic layers. Raw data is shown in light gray, and the bold curve shows the 
data after smoothing with an adjacent-point averaging algorithm. Scales are equal 






 General trends and observations of microstructure, stress/strain, and material 
properties suggest that samples fabricated with AlN elastic layers are more susceptible to 
radiation-induced degradation, but also likely exhibit reduced inherent, pre-irradiation 
piezoelectric and ferroelectric response. First, grain size and morphology are generally very 
similar, as shown in cross-sectional SEM images (Figure 10-3) – all samples show 
columnar grains with dense microstructure and very little porosity. However, the results of 
the TKD analysis demonstrate distinct grain orientations for the film with an underlying 
AlN elastic layer, suggesting that there exists a greater degree of misorientation at grain 
boundary interfaces in those samples. The work in CHAPTER 6 showed that grain 
morphology and microstructure plays a large role in determining the eventual radiation 
hardness and functional response as a function of gamma radiation dose.217 Prior work on 
irradiation of ferroelectric materials has shown that rates of trapped charge 
creation/activation are highly-dependent on characteristics of the grain boundaries with 
which the radiation interacts, especially the density of grain boundaries in the sample.101,218 
For the samples with AlN elastic layers, it is possible that the greater grain discontinuity 
and misorientation leads to an augmented interaction of radiation with the grain boundaries, 
greater effects of radiation on functional response, and accentuated nonlinearity of defect 
saturation (k). Indeed, the effects of greater defect population and saturation in the AlN 
samples are supported by greater extracted values of k in nearly all functional response 
measurements studied here as a function of TID.  
 Additionally, the effects of residual stress may play a role in determining the level 
of radiation tolerance of PZT thin films. Based on the estimation of strain in from the XRD 
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data, the samples with SiO2 elastic layers show significantly higher in-plane residual tensile 
stresses in the PZT layer than those with AlN elastic layers. While accurate calculations of 
the stress were not possible, these relative comparisons are useful for making general 
correlations between relative stress states in the three sets of films. Generally, compressive 
stress in PZT has been shown to lead to enhanced polarizability and increased piezoelectric 
response, while tensile results can degrade such properties.274,319,327 The strain estimates 
indicate that the samples with AlN elastic layers are subject to lower tensile stress than the 
films with SiO2 elastic layers. Comparison of the virgin polarization measurements 
indicates greater response for samples with AlN elastic layers (Table 10-3), and virgin 
piezoelectric response is among the largest measured in this study, suggesting that the 
lower values of tensile stress indeed contribute to greater initial response compared to films 
with SiO2 and greater tensile stress. However, it is unclear how such residual stress effects 
contribute to RID effects in ferroelectric thin films. Several reports on functional metal 
oxides have shown that tensile strain reduces the defect migration energy barrier, allowing 
for enhanced defect (especially oxygen vacancies) mobility in such samples.310,311 In the 
samples with SiO2 elastic layers and greater tensile strain in the ferroelectric layer, 
increased defect mobility potentially transports defects away from the grain bulk (and 
corresponding ferroelectric volume) toward grain boundaries or other internal interfaces, 
such as layer crystallization interfaces or electrode-ferroelectric hetero-interfaces. Grain 
boundaries are expected to behave as effective defect sinks, reducing the deleterious effects 
of defects on functional response behavior when accumulated at these locations. In samples 
with AlN elastic layers, lower tensile stress may reduce defect mobility (relative to films 
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with SiO2), thus pinning domain wall motion to a larger degree and degrading the radiation-
dependent functional response. 
 
10.4.6 Conclusions 
 The results from this work demonstrate that modification of residual film stress via 
engineering of the elastic layer for fabrication of PZT thin films results in significant effects 
on eventual material properties and radiation tolerance of the material stack. While 
modifying the thickness of traditionally-employed SiO2 elastic layers did not result in large 
microstructural variations or conclusive radiation tolerance benefits, the selection of an 
alternative material, AlN, demonstrated notable differences. Namely, interesting 
crystallographic changes, grain orientations, and residual stress/strain effects in samples 
with AlN elastic layers likely contribute to reductions in radiation tolerance with respect to 
samples with SiO2 elastic layers. Worth noting is the fact that the effects of microstructure, 
residual stress, and crystallographic phase do not exist independently – their interaction 
with radiation and the material stacks studied in this chapter presents a complex interaction 
and tradeoff between these effects. These results offer potential insights into the strong 
influence and interconnected nature of the various components of the material stack on 
eventual material properties, functional response, and radiation tolerance of the 
ferroelectric thin film.  
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CHAPTER 11. SUBSTRATE MECHANICAL INTERFACE AND 




 This chapter studies the effects of the substrate on residual clamping of the 
ferroelectric thin film, by selectively etching the backside of the Si substrate in a PZT thin 
film material stack to release the ferroelectric. Previous reports from related studies have 
shown notable enhancements to functional response in ferroelectric thin films on thinned 
substrates or when completely released from the substrate, attributed to long-range motion 
of unclamped extrinsic contributions to the response. These long-range contributions to the 
dielectric and electromechanical responses were expected after progressively thinning the 
backside Si via deep reactive ion etching. Multiple sets of films with various film, stack, 
and substrate etching parameters were fabricated and their functional response 
characterized. The results of demonstrated a highly-complex interaction between the 
multiple components of the material stack, residual stress effects, and the release of 
substrate clamping. Enormous enhancements to the electromechanical response were 
observed with decreasing Si substrate, due to increased substrate bending. However, only 
minor local enhancements of dielectric properties were observed, and were not universally 
present. Large deflection of both the substrate and individual top electrode contacts results 
in competing strain effects, likely overcoming any enhancements resulting from the 
substrate release. Local probing of the ferroelectric response on released regions of the film 
via piezoresponse force microscopy (PFM) showed substantial reductions in switching 
voltages and enhancements of the piezoresponse with respect to clamped regions. These 
results suggest that both the substrate and the top electrode contacts play a significant role 
in clamping the ferroelectric thin film, and are important considerations for eventual 
application of ferroelectric thin films in various MEMS devices.  
 299 
11.2 Introduction 
 As discussed throughout this thesis, traditionally-processed PZT thin films require 
a substrate, elastic layer, and bottom electrode stack for mechanical and experimental 
procedures. While the substrate provides a structural foundation for thin film deposition, it 
can also produce deleterious effects by clamping the ferroelectric material, thus restricting 
domain wall motion and potential rhombohedral/tetragonal (R/T) phase transitions. These 
effects become noticeably more apparent with decreasing film thickness, due to proximity 
of the film to the clamped interface,1,36 and are especially prevalent for application in 
MEMS devices, where substrate conditions are modified and thinner films and substrates 
are preferred. 
 Clamping to the substrate largely originates from thermal loading during the 
fabrication process of ferroelectric PZT thin films; the crystallization anneal produces large 
residual stresses not only in the ferroelectric layer, but throughout all components of the 
material stack.24,274,319,321,328-335 In the ferroelectric film, shrinkage and densification, lattice 
mismatch, thermal expansion mismatch with the substrate, and even B-site cation gradient 
formation can induce significant biaxial residual stresses, reportedly up to 180 
MPa.274,321,326,328,336 For applications in microelectronics devices and structures that rely on 
the ferroelectric thin film for sensing, actuation, data storage, or energy harvesting, these 
residual stresses can be detrimental to device reliability and performance, or in some cases, 
be advantageously leveraged to induce strain and polarization. 
 Prior reports have investigated the effects of substrate clamping and the resulting 
residual stresses, including application of external stress and the use of thinner substrates 
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for thin film fabrication. Residual tensile stress has typically been shown to degrade 
dielectric and electromechanical response of ferroelectric thin films, while compressive 
stress can potentially enhance functional properties.321,327,329,330,332,337-339 In-plane tensile 
strains in the as low as 0.08% result in reductions of up to 14% of the remanent 
polarization.339 Additionally, numerous studies have shown that residual stresses can 
effectively shift the compositional location of the morphotropic phase boundary (MPB), 
thus modifying the transition temperature, TC, and potentially degrading functional 
response or fully suppressing ferroelectricity 52-55,331. Experiments to probe the effects of 
various substrates and/or film thicknesses have also resulted in substantial changes to their 
dielectric, ferroelectric, and piezoelectric responses.278,340,341 Suzuki et al. showed 400% 
increase to piezoelectric response and 18% increase to dielectric response of PZT thin films 
deposited on Si substrates of decreasing thickness from 500 to 50 µm.342 
 Recent work by Griggio et al. focused on releasing a portion of a deposited and 
crystallized PZT thin film from the substrate following fabrication, reporting the presence 
of long-range nonlinear strain fields due to interactions of individual domains.343 These 
long-range motion and interactions can substantially enhance dielectric and piezoelectric 
responses in the films – enormous increases (up to 114%) to both reversible and irreversible 
Rayleigh coefficients of the AC electric field-dielectric response were observed in thin film 
PZT capacitors released from the Si substrate, but also likely attributable in part to changes 
in local stresses and mechanical effects of a less-rigid material stack.309 Work by Bintachitt 
et al. has suggested that cooperative, avalanche-like interactions of domain wall motion 
and/or potential phase boundaries are enhanced proportional to decreasing material 
thickness and correlated to reduced degrees of substrate clamping.344  
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 In this chapter, the effects releasing the ferroelectric thin film from substrate 
clamping are investigated, by progressively thinning the Si substrate from the backside via 
deep reactive ion etching (DRIE), and continuously monitoring changes in the functional 
material response. Giant enhancements to the macroscopic electromechanical response (up 
to 80x) result from mechanical interactions between the PZT thin film and the thinned 
substrate. However, trends in the macroscopic polarization and dielectric response do not 
show significant changes with decreasing substrate thickness. PFM experiments suggest 
local piezoresponse is enhanced in released films, suggesting that the top electrode contact 
plays a role in clamping a film that is released from the substrate.  
 
11.3 Experimental Methods 
11.3.1 PZT Thin Film Preparation and DRIE Etching 
 Multiple sets of Pb0.53Ti0.47O3 (PZT) thin films were synthesized via chemical 
solution deposition (CSD) on platinized 100-Si substrates with 2-methoxyethanol (2-
MOE)-based 0.4M precursor solutions.111 The details of each of these sets of samples is 
outlined in Table 11-1. The sets will be designated as M1, M4.1, etc., throughout this 
chapter, as indicated in Table 11-1, where “M” is derived from the “membrane”-like nature 
of the samples. The SiO2 elastic layer was grown thermally (wet/dry designated in Table 
11-1), and the Ti/Pt or TiO2/Pt bottom electrode contacts were sputter-deposited.132,235 The 
deposited films were pyrolyzed after each deposition at 400 °C for 60 s, and annealed in 
groups of either 3 or 4 pyrolyzed layers at 700 °C for 60 s (Table 11-1), with a target 
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thickness of ~750-1000 nm. A seed layer of 0.15M PZT and approximately 15 nm 
thickness was first deposited to induce 100-texture in the subsequent PZT layers.131  
 Backside etching of the double-side polished (DSP) Si substrate was performed 
using an STS Multiplex inductively coupled plasma (ICP) deep reactive ion etch (DRIE) 
with SF6 etching and C4F8 passivation layer, achieving an etch rate between 2 and 5 
µm/min depending on the use of the passivation layer and variations in tool performance 
(Figure 3-20). A multi-mask photolithography process was employed to selectively etch a 
1 cm2 area to various etch depths. A schematic of the material stack and the etching process 
is shown in Figure 11-1. Full details of the photolithography process are available in 
CHAPTER 3, Section 3.5. 
 
Figure 11-1 Schematic respresentation of the material stack used to investigate the 
effects of thinning the Si substrate by deep reactive ion etching on the backside of the 
chip upon which the PZT thin film was fabricated.  
 
 303 
Table 11-1 Outline of the processing parameters used for the 6 sets of experiments 
used in this chapter to study the effects of substrate clamping on the functional 
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11.3.2 Functional Response Characterization 
 Dielectric, polarization, and piezoelectric response characterization was performed 
on all samples following fabrication, at various backside-DRIE etching intervals. The 
measurements included low-field dielectric permittivity (εr), polarization-electric (P-E) 
field hysteresis, dielectric permittivity as a function of AC electric field amplitude (εr–EAC), 
dielectric permittivity-DC field (εr–EDC) tunability characterization, and converse, 
effective longitudinal piezoelectric response as a function of DC electric field (d33,f–EDC). 
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Samples in set M1 were poled for 600 seconds at approximately five times the coercive 
voltage, VC, directly before electromechanical measurements in order to maximize out-of-
plane polarization contributions to the piezoelectric response. However, poling and high 
DC biases was discovered to substantially reduce the integrity of the thin Pt top electrode 
traces in the remote electrode layout (Figure 11-4), and was thus discontinued for 
subsequent sets of samples. 
Measurements of εr were conducted at 100 mV and 1 kHz using an Agilent 4284A 
precision LCR meter. P-E hysteresis loops were taken up to fields of 200 kV/cm at 100-
1000 Hz, using an aixACCT TFA FE module ferroelectric test system. Nonlinear εr–EAC 
measurements were performed up to a maximum of 100 kV/cm at 1 kHz. εr–EDC 
measurements were performed up to 150 kV/cm DC bias with an overlapping small-signal 
100 mV at 1 kHz. d33,f–EDC response was measured as a function of DC field (d33,f-EDC) on 
an aixACCT double beam laser interferometer (DBLI) measurement system up to 300 
kV/cm DC bias with an overlapping AC signal VAC ≈ 0.5Vc. All measurements are subject 
to experimental error up to 3-5%. The vertical shift in the P-E loops, ΔP/2 (Table 2), the 
horizontal shift in the P-E and d33,f-EDC hysteresis loops, and the dielectric tunability were 
calculated according to formulas available in CHAPTER 3, Section 3.3. The nonlinear 
dielectric response at low and intermediate AC electric field was analyzed using the 
Rayleigh approach to quantify changes in intrinsic and extrinsic dielectric response and is 




11.3.3 Non-contact Interferometry 
 Non-contact, white light interferometry was performed using a Wyko NT2000 in 
VSI mode on the etched side of the membranes to estimate the maximum deflection due to 
the residual stresses caused by the electrodes. At very thin levels of Si (< 2 µm), 
depressions in the backside of the film are visible due to the residual stresses caused by the 
top electrode and its effect on the underlying material stack (see Figure 11-2). The 
depressions are also visible on the top side of the sample, but due to the different refractive 
indices of PZT and Pt top electrodes, a large amount of error is introduced in the 
interferometric method. The deflection results of the interferometry measurements are used 
later as the baseline for analytical estimations the stress/strain in the PZT layer.  
 
Figure 11-2 Image of the backside etch of sample M4.1. In the corners of the etched 
region, bare SiO2 is visible (pink/green). Distinct depressions caused by residual stress 
interactions between the released SiO2/TiO2/Pt/PZT/Pt material stack. 
  
 306 
11.3.4 Scanning Transmission Electron Microscopy 
 Local grain, domain, and interface microstructure were probed via scanning 
transmission electron microscopy (STEM). Samples were prepared according to the 
multilayer cross-sectional sandwich method presented by Sridhara et al. and dimpled to 
thin the sample.345 Samples were imaged with a spherical aberration (Cs) corrected, cold 
field-emission source, high-resolution Hitachi HD-2700 STEM operated at 200 kV. Initial 
preparation of sample M2 for STEM via focused ion beam (FIB) lift out was unsuccessful, 
and a backup sample from set M1 was used. 
 
11.3.5 Piezoresponse Force Microscopy 
 Piezoresponse force microscopy (PFM) was performed to measure local 
ferroelectric response and avoid the potential stress effects imparted by the top electrode 
contacts. Dual amplitude resonance tracking (DART) mode PFM was employed. 
Switching spectroscopy PFM (SS-PFM) was performed on local regions of the material to 
extract strain hysteresis loops with applied bias. All measurements were performed with 
an Asylum Research MFP-3D in DART PFM mode, using a contact set point of 1 V, 
excitation voltages of 1 to 1.5 V, scan size of 1 µm, and scan rate of 0.75 Hz with a Pt-




11.4 Results and Discussion 
 Figure 11-3 shows baseline X-ray diffraction (XRD) analysis of each of the sets of 
samples used in this work, indicating a large degree of 100-texture in all of the films (see 
Table 11-1 for Lotgering factors). All sets except M1 show some degree of tetragonal peak 
splitting at the PZT 200-peak, likely due to the proximity of the precursor solutions to the 
morphotropic phase boundary and subsequent coexistence of R and T phases. The 
following sections detail the specifics of each set of samples in order to distinguish 
principal modifications to the fabrication process for each.  
 
Figure 11-3 X-ray diffraction (XRD) showing the large degree of 100-texture in the 
samples used for this study.  
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11.4.1 Membranes M1 – Full Set of Etch Depths 
300 µm initial Si thickness and 1.5 µm of wet thermal oxide were used for the 
samples in set M1. The PZT thin films from this set were deposited and pyrolyzed 
according the procedure outlined in the Experimental Methods chapter, with crystallization 
anneals after every 4 deposited layers. 16 total layers resulted in a final film thickness of 
1.05 µm. Set M1 was also the only set that was deposited on a whole 4-inch Si wafer and 
later diced into chips of approximately 2 cm × 2 cm.  
The top electrode layout employed is unique, with off-membrane electrode contacts 
connected via thin Pt traces to large circular, on-membrane electrodes, in order to probe 
the on-membrane capacitors remotely without damaging or influencing the fragile 
membrane at deep etch levels. Figure 11-4 shows the electrode layout overlaid on the area 
etched from the backside of the chip, which was used for sets M1, M2, and M3.  
 
Figure 11-4 Remote electrode layout used for M1, M2, and M3. Black area is un-
etched Si, the cyan region represents the area of material that is etched from the 
backside, and the magenta regions are the top electrode contacts.  
In this initial study, a series of 10 chips was fabricated from a single 4-inch wafer 
of spin-coated PZT. All measurements of functional response were performed after 
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etching, and compared to an un-etched sample (300 µm Si thickness). However, the nature 
of large-area processing of CSD PZT thin films on entire Si wafers makes attaining 
material uniformity challenging. The shortcomings of this method became apparent as 
large variations in functional response were observed, likely due to variations in material 
thickness and quality across the diameter of the wafer. Furthermore, the added cost of DSP 
Si wafers makes processing mistakes on entire wafers costly. For these reasons, the whole-
wafer fabrication process was abandoned in later sets of samples in favor of depositing 
films individually on 2 cm × 2 cm chips.  
Additionally, as observed in Table 11-1 and Figure 11-3, the degree of 
crystallographic 100-texture in sample set M1 is substantially lower than that of subsequent 
sets of samples. The sputtered bottom Ti/Pt electrode typically serves as a crystallographic 
growth template for deposited PZT layers, eventually determining their texture.132,235 
However, due to inconsistencies in Ti/Pt film quality deposited using Unifilm Sputterer at 
Georgia Tech, subsequently-deposited PZT layers show large 111-texture in the samples 
in set M1. For future sets of samples, new substrates and growth templates were obtained 
from the US Army Research Laboratory, including a thicker substrate, thinner SiO2 elastic 
layer, and slightly modified bottom electrode parameters (see Table 11-1).  
 
11.4.2 Membranes M2 – Abbreviated Functional Characterization for FIB Liftout 
 A focused ion beam (FIB)-processed transmission electron microscopy (TEM) 
sample was intended to observe the interaction between the thinned Si substrate, elastic 
layer, bottom electrode stack, and PZT thin film. An abbreviated set of experiments at 4 
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discrete Si substrate thicknesses (300, 90, 10, 1 µm) was performed prior to TEM imaging, 
in order to correlate any observed phenomena in the imaging to trends in material response 
trends. However, preparing a FIB liftout from sample M2 proved challenging, and no TEM 
data was retrieved from that sample (see Experimental Methods). 
 To address the inconsistencies noted in set M1 when comparing measurements 
from different samples at different etch depths, a single sample was progressively etched, 
taking measurements before and after each DRIE process step. This approach was used 
throughout the remaining sets of membrane samples. New substrates were acquired from 
ARL (500 µm Si, 500 nm dry thermal SiO2, 35 nm TiO2, 100 nm Pt); previous experience 
with similar substrates showed near-perfect 100-texture of PZT thin films processed on 
them. The PZT films deposited on these substrates in this chapter show excellent PZT 100-
texture, with minimal 111- and 110-peaks (Figure 11-3).  
 
11.4.3 Membranes M3 – Progressively Etched 
 The sample preparation and testing for set M3 was largely identical to set M2, but 
with an expanded range of etch depths (500, 305, 229, 205, 50, 2 µm), and prepared with 




11.4.4 Membranes M4.1 – On-Membrane Electrodes 
 A fourth set of samples was fabricated using the same substrate, elastic layer, 
bottom electrode stack, and PZT solutions (Table 11-1), resulting in films with similar 
XRD traces and thickness (Figure 11-3). This set of samples was, however, divided into 
M4.1, M4.2, and M4.3 based on the top electrode deposition parameters.  
 During functional response characterization of set M3, it was noticed that the long 
electrode traces (Figure 11-4) were resulting in visible strain on the PZT and underlying 
substrate when etched to very thin residual Si. Such strain was thought to result in 
deleterious stresses in the PZT layer, thereby suppressing potential enhancements from the 
release of the Si substrate. A second electrode layout, consisting of a grid of circular 
electrodes of 500 µm diameter was deposited on set M4.1, allowing for direct macroscopic 
probing of the material situated on the thinned Si substrate. 
 
11.4.5 Membranes 4.2 – Pt Top Electrodes, Heat Treated 
 Heat treatment of sputtered electrodes deposited via photolithography is often 
performed following the final photoresist liftoff step in order to improve adhesion and 
continuity between the top electrode and ferroelectric material. Set M4.2 was fabricated 
identically to set M4.1, with the addition of a 20 min heat treatment at 350 °C following 
top electrode deposition. While continuity of top electrodes in set M4.1 (and previous sets) 
did not pose any notable problems, it was expected that the heat treatment may effect 
residual stress effects in the material stack when the Si substrate is substantially thinned. 
 312 
11.4.6 Membranes 4.3 – Cr/Au Top Electrodes, Heat Treated 
 While Pt top electrodes are typically selected for work with ferroelectric thin films 
and especially PZT, Cr/Au top electrodes are occasionally employed for compatibility with 
other materials in the intended application.346,347 Cr/Au electrodes were expected to alter 
the residual stress state of the released PZT capacitors compared to Pt top electrodes after 
deep etching of the Si substrate. The samples in set M4.3 are identical to those deposited 
in M4.2, with the exception of 70 nm Cr and 140 Au sputtered top electrodes. Set M4.3 
was also heat treated at 350 °C for 20 min following top electrode patterning and liftoff.  
 
11.4.7 Functional Response Characterization Results 
 The results of dielectric, ferroelectric, and piezoelectric functional response 
characterization generally suggest complex interactions between the ferroelectric material, 
substrate clamping, and stress/strain relief resulting from the backside Si substrate release. 
Extreme enhancements to the electromechanical response are universally observed through 
all sets of samples with decreasing substrate thickness. On the other hand, dielectric and 
ferroelectric properties exhibit both mild enhancement and degradation trends as a function 
of substrate thickness, depending on the sample set. The results of AC dielectric, 
polarization, and DC piezoelectric/dielectric response characterization is shown in Table 
11-2, Table 11-3, and Table 11-4, respectively. Lines have been fitted to the guide the eye 
regarding any respective trends in the data, as shown in Figure 11-5 (low-field dielectric), 
Figure 11-6 (dielectric Rayleigh coefficients), Figure 11-7 (extracted ferroelectric 
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responses, coercive field), and Figure 11-8 (DC electric field piezoelectric and dielectric 
responses). 
Table 11-2 AC dielectric response at low field and Rayleigh parameters from the 
dielectric response at intermediate AC electric fields of the various sets of backside-
etched PZT thin films. One standard deviation to one significant digit is reported for 
the error, and measurement values are reported to the same digit as the error.172 
AC Dielectric Low field εr tan(δ) εinit α (cm/kV) α/εinit (cm/kV) 
M1 300 µm 1360 ± 40 0.017 ± 0.002 1480 ± 30 61 ± 4 0.042 ± 0.002 
 254 µm 1380 ± 40 0.017 ± 0.002 1500 ± 50 67 ± 2 0.045 ± 0.002 
 208 µm 1340 ± 53 0.017 ± 0.002 1420 ± 20 59 ± 1 0.0413 ± 0.0004 
 155 µm 1280 ± 40 0.016 ± 0.002 1400 ± 50 60 ± 3 0.044 ± 0.003 
 117 µm 1290 ± 60 0.018 ± 0.008 1440 ± 60 64 ± 2 0.0445 ± 0.0004 
 71 µm 1350 ± 80 0.018 ± 0.005 1550 ± 20 59 ± 3 0.038 ± 0.002 
 41 µm 1360 ± 40 0.018 ± 0.005 1490 ± 50 67 ± 3 0.045 ± 0.001 
 25 µm 1290 ± 70 0.016 ± 0.002 1460 ± 50 64 ± 4 0.043 ± 0.004 
 15 µm 1350 ± 40 0.016 ± 0.002 1470 ± 50 62 ± 3 0.042 ± 0.002 
 3 µm 1560 ± 50 0.036 ± 0.004 1400 ± 100 62 ± 3 0.044 ± 0.005 
 2 µm 1480 ± 60 0.035 ± 0.003 1180 ± 40 60 ± 10 0.053 ± 0.008 
 2 µm 1500 ± 40 0.033 ± 0.004 1170 ± 80 70 ± 10 0.06 ± 0.01 
 1 µm 1490 ± 90 0.035 ± 0.008 1400 ± 100 66 ± 8 0.047 ± 0.007 
M2 300 µm 940 ± 50 0.04 ± 0.02 890 ± 40 14.6 ± 0.8 0.016 ± 0.001 
 90 µm 900 ± 30 0.029 ± 0.005 870 ± 40 14.3 ± 0.6 0.016 ± 0.001 
 10 µm 920 ± 30 0.030 ± 0 .004 880 ± 40 13 ± 2 0.015 ± 0.001 
 1 µm 930 ± 40 0.03 ± 0 .01 910 ± 50 15 ± 2 0.017 ± 0.003 
M3 500 µm 1070 ± 40 0.025 ± 0.002 1030 ± 40 16.8 ± 0.6 0.0164 ± 0.0006 
 305 µm 1160 ± 42 0.032 ± 0.002 1060 ± 40 19.2 ± 0.7 0.0182 ± 0.0005 
 229 µm 1160 ± 40 0.0030 ± 0.002 1080 ± 40 18.3 ± 0.9 0.017 ± 0.0005 
 205 µm 1130 ± 40 0.031 ± 0.002 1060 ± 40 17.9 ± 0.8 0.0169 ± 0.0005 
 50 µm 1140 ± 40 0.029 ± 0.002 1080 ± 40 16.9 ± 0.8 0.0157 ± 0.0004 
 2 µm 1110 ± 30 0.026 ± 0.003 1070 ± 40 16 ± 1 0.015 ± 0.0008 
M4.1 500 µm 1050 ± 10 0.023 ±0.001 1050 ± 30 19.9 ± 0.9 0.019 ± 0.001 
 200 µm 1080 ± 30 0.027 ± 0.003 1080 ± 20 21.4 ± 0.8 0.020 ± 0.001 
 90 µm 1090 ± 40 0.026 ± 0.003 1080 ± 20 20 ± 1 0.019 ± 0.001 
 35 µm 1060 ± 30 0.025 ± 0.003 1070 ± 10 20 ± 1 0.019 ± 0.001 
 10 µm 1060 ± 20 0.023 ± 0.001 1080 ± 20 19 ± 1 0.018 ± 0.001 
 2 µm 1100 ± 50 0.027 ± 0.003 1100 ± 40 21 ± 1 0.019 ± 0.001 
M4.2 500 µm 1270 ± 10 0.030 ± 0.001 1224 ± 2 31.9 ± 0.5 0.026 ± 0.001 
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 50 µm 1240 ± 20 0.035 ± 0.001 1250 ± 20 28 ± 3 0.023 ± 0.002 
 5 µm 1190 ± 20 0.029 ± 0.002 1220 ± 40 30 ± 1 0.024 ± 0.002 
M4.3 500 µm 760 ± 20 0.039 ± 0.003 764 ± 7 2.3 ± 0.1 0.0030 ± 0.0002 
 50 µm 720 ± 20 0.034 ± 0.002 710 ± 30 2.2 ± 0.1 0.0031 ± 0.0001 
 5 µm 710 ± 20 0.034 ± 0.004 724 ± 7 2.3 ± 0.2 0.0032 ± 0.0002 
Table 11-3 Polarization response and extracted parameters from the backside-etched 
PZT thin films from the various sets of samples. One standard deviation to one 
significant digit is reported for the error, and measurement values are reported to the 
same digit as the error.172 
Polarization Psat (µC/cm2) Prem (µC/cm2) DP/2 (µC/cm2) EC+ (kV/cm) EC- (kV/cm) Einternal (kV/cm) 
M1 300 µm 33 ± 1 14.1 ± 0.8 0.2 ± 0.3 22 ± 2 -21 ± 2 0 ± 1 
 254 µm 33 ± 1 13.9 ± 0.5 0.1 ± 0.1 20 ± 2 -23 ± 4 -1 ± 3 
 208 µm 32.2 ± 0.4 13.6 ± 0.4 -0.1 ± 0.1 22.1 ± 0.3 -20 ± 2 1 ± 1 
 155 µm 39 ± 2 18.0 ± 0.9 -0.42 ± 0.07 24 ± 1 -21 ± 2 1.7 ± 0.4 
 117 µm 41 ± 2 19 ± 1 -0.5 ± 1 25 ± 1 -22 ± 2 1.4 ± 8 
 71 µm 28.7 ± 0.7 11.3 ± 0.9 0.9 ± 0.3 17 ± 1 -21 ± 2 -2 ± 1 
 41 µm 33 ± 2 14 ± 1 0.2 ± 0.3 20 ± 3 -22 ± 4 -1 ± 3 
 25 µm 40 ± 5 20 ± 4 -0.2 ± 0.5 28 ± 5 -24 ± 3 2 ± 4 
 15 µm 33 ± 2 13.9 ± 0.9 0.1 ± 0.3 23 ± 3 -22 ± 3 1 ± 2 
 3 µm 33 ± 2 14 ± 1 0.2 ± 0.1 19 ± 2 -24 ± 3 -3 ± 2 
 2 µm 40 ± 3 18 ± 2 -0.1 ± 0.2 23 ± 4 -24 ± 4 -1 ± 4 
 2 µm 33 ± 2 14 ± 1 -0.1 ± 0.2 22 ± 3 -23 ± 3 0 ± 3 
 1 µm 38 ± 2 17 ± 1 0 ± 0.3 20 ± 4 -27 ± 5 -3 ± 4 
M2 300 µm 33 ± 1 15 ± 1 4.1 ± 0.2 21 ± 2 -49 ± 2 -14 ± 1 
 90 µm 33 ± 1 17 ± 1 3.9 ± 0.2 26 ± 1 -54 ± 1 -14 ± 1 
 10 µm 33 ± 2 16 ± 1 3.9 ± 0.3 25 ± 3 -58 ± 4 -17 ± 3 
 1 µm 33 ± 1 15 ± 1 3.7 ± 0.3 24 ± 3 -57 ± 2 -17 ± 2 
M3 500 µm 34 ± 1 16.1 ± 0.9 3.2 ± 0.2 28 ± 3 -50 ± 4 -11 ± 2 
 305 µm 34 ± 1 15.8 ± 0.9 2.7 ± 0.2 33 ± 2 -48 ± 3 -7 ± 2 
 229 µm 33 ± 1 15.1 ± 0.7 2.5 ± 0.1 34 ± 2 -46 ± 2 -6 ± 1 
 205 µm 32 ± 1 14.3 ± 0.7 2.3 ± 0.1 34 ± 1 -46 ± 2 -6 ± 1 
 50 µm 32 ± 1 14.2 ± 0.7 2.4 ± 0.2 33 ± 2 -45 ± 2 -6 ± 2 
 2 µm 31 ± 1 13.0 ± 0.9 2.2 ± 0.2 33 ± 2 -44 ± 1 -6 ± 1 
M4.1 500 µm 33.3 ± 0.6 16.4 ± 0.4 3.0 ± 0.4 28 ± 3 -46 ± 5 -9 ± 2 
 200 µm 33.1 ± 0.6 15.8 ± 0.3 2.4 ± 0.4 33 ± 5 -41 ± 4 -4 ± 3 
 90 µm 32.3 ± 0.6 14.9 ± 0.3 2.2 ± 0.4 33 ± 4 -41 ± 6 -4 ± 4 
 35 µm 31.8 ± 0.5 14.3 ± 0.4 2.1 ± 0.4 33 ± 4 -41 ± 6 -4 ± 4 
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 10 µm 32 ± 1 14 ± 1 2.3 ± 0.4 31 ± 4 -43 ± 6 -6 ± 3 
 2 µm 34 ± 2 16 ± 2 3.4 ± 0.6 32 ± 3 -45 ± 7 -7 ± 4 
M4.2 500 µm 32.2 ± 0.2 14.6 ± 0.1 0.81 ± 0.07 27.5 ± 0.5 -31.2 ± 0.3 -1.8 ± 0.3 
 50 µm 31.9 ± 0.1 13.4 ± 0.6 0.6 ± 0.3 28 ± 2 -27 ± 2 0.3 ± 2 
 5 µm 31.5 ± 0.9 13.0 ± 0.7 0.27 ± 0.07 35 ± 3 -25.5 ± 0.8 5 ± 2 
M4.3 500 µm 13.5 ± 0.2 0.70 ± 0.03 -0.23 ± 0.01 13.9 ± 0.4 -7.8 ± 0.3 3.1 ± 0.1 
 50 µm 13.3 ± 0.6 0.47 ± 0.03 -0.28 ± 0.02 11.9 ± 0.4 -5.4 ± 0.3 3.3 ± 0.3 
 5 µm 13.3 ± 0.3 0.91 ± 0.03 -0.25 ± 0.02 12.0 ± 0.3 -5.8 ± 0.3 3.1 ± 0.2 
 
Table 11-4 DC electric field-dependent piezoelectric and % dielectric tunability 
response. One standard deviation to one significant digit is reported for the error, and 
measurement values are reported to the same digit as the error.172 
DC Piezoelectric/Dielectric d33,f,max (pm/V) % dielectric tunability 
M1 300 µm 130 ± 20 74.2 ± 0.5 
 254 µm 110 ± 20 76 ± 2 
 208 µm 120 ± 3 73.8 ± 0.7 
 155 µm 120 ± 40 74.1 ± 0.1 
 117 µm 170 ± 80 74.9 ± 0.3 
 71 µm 300 ± 100 73.8 ± 0.3 
 41 µm 500 ± 200 75.2 ± 0.5 
 25 µm 800 ± 400 77 ± 3 
 15 µm 5000 ± 3000 74 ± 1 
 3 µm 5000 ± 3000 79 ± 6 
 2 µm 3000 ± 2000 75.8 ± 0.7 
 2 µm 3000 ± 1000 73.7 ± 0.8 
 1 µm 3000 ± 2000 80 ± 7 
M2 300 µm 90 ± 10 69 ± 1 
 90 µm 112 ± 8  
 10 µm 400 ± 200 69 ± 1 
 1 µm 4000 ± 3000  
M3 500 µm 100 ± 20 63.2 ± 0.2 
 305 µm 110 ± 20 62 ± 2 
 229 µm 120 ± 10 60.6 ± 0.6 
 205 µm 120 ± 20 60.2 ± 0.7 
 50 µm 280 ± 140 58.9 ± 0.2 
 2 µm 3000 ± 2000 58 ± 1 
M4.1 500 µm 86 ± 4 64.0 ± 0.5 
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 200 µm 114 ± 4 63.6 ± 0.3 
 90 µm 120 ± 50 62.4 ± 0.3 
 35 µm 500 ± 200 61.3 ± 0.3 
 10 µm 4000 ± 4000 61 ± 1 
 2 µm 5000 ± 2000 62 ± 2 
M4.2 500 µm 90 ± 10 66.4 ± 0.2 
 50 µm 220 ± 20 65.1 ± 0.7 
 5 µm 4000 ± 3000 64.5 ± 0.9 
M4.3 500 µm 17.7 ± 0.3 40 ± 3 
 50 µm 17.8 ± 0.4 50 ± 30 
 5 µm 18.4 ± 0.5 400 ± 300 
 
 
Figure 11-5 Trends in low field (a) dielectric permittivity (εr) and (b) dielectric loss 
tangent (tan(δ)) for all sets of membrane-line samples as a function of Si substrate 





Figure 11-6 Trends in the extracted (a) reversible (εinit), (b) irreversible (α), and (c) 
irreversible/reversible ratio (α/εinit) from the Rayleigh analysis of the AC electric field 






Figure 11-7 Plots of (a) saturated polarization (Psat), (b) remanent polarization (Prem), 
and (c) the vertical shift in polarization. Trends in the coercive field (d) EC+, (e) EC-, 








Figure 11-8 Plotted trends in the DC electric field piezoelectric and dielectric 
response. Shown is (a) the maximum measured value of the effective, converse, 
longitudinal piezoelectric coefficient, d33,f,max, and (b) the % dielectric tunability. Note 
that d33,f,max is plotted on a log-log scale to show the large variation with Si substrate 
thickness. The maximum of the d33,f response is used due to the extreme nonlinearity 
in the piezoelectric-DC field curves, and resulting difficulting in extracting a reliable 
remanent or saturated value of the response (see Figure 11-10).  
The plotted results of functional response characterization demonstrate mixed 
results of the dielectric and ferroelectric responses. The low-field dielectric permittivity 
(εr) and loss tangent (tan(δ)) generally show flat or decreasing trends with decreasing 
thickness of the Si substrate, with the exception of set M1, which shows a potential 
correlation of reduced substrate thickness to an increase in both εr and tan(δ) (Figure 11-5). 
Such enhancements potentially indicate increases in domain wall mobility in those 
samples.24 However, because of the method in which the etching/measurements of set M1 
were carried out (i.e., separate samples at discrete etch depths and accompanying 
variability from whole-wafer processing), the results are subject to some degree of error. 
Trends in the extracted coefficients of the Rayleigh response are also inconclusive, 
with no significant changes in response with decreasing Si thickness (Figure 11-6). One 
a) b)
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exception appears to be the measurements of εinit for set M1, which shows a slight 
decreasing trend, but this result is, again, potentially affected by the error introduced by 
sample variability. This slight decrease in εinit, coupled with the relatively flat trend for α 
results in a slightly increasing trend with decreasing Si thickness for the Rayleigh ratio, 
α/εinit. Increases to α/εinit are often indicative of increased extrinsic contributions to the 
dielectric response, and potentially indicate increased domain wall motion. 
Generally flat trends are noted for the polarization properties (Psat, Prem) as a 
function of Si substrate thickness, with a small shift in the vertical offset of Prem noted in 
sample sets M3, M4.1, and M4.2 (Figure 11-7b, c). A vertical shift in the polarization 
potentially indicates strong preferential polarization directions in the samples.58 Generally, 
this shift appears to relax with decreasing Si thickness, possibly due to the effects of 
evolving residual stresses that generate changes in the polarization behavior. Erratic trends 
in the coercive fields are observed, both positive (EC+) and negative (EC-), with substantial 
variations in the observed internal bias (Einternal), both within each individual set of samples 
and across multiple sets of samples (Figure 11-7d, e, f) 
Notably, the electromechanical response universally increases with decreasing Si 
substrate thickness. Due to the nonlinearity in the piezoelectric-DC field curves, consistent 
extraction of the saturation and remanent values (d33,f,sat and d33,f,rem, respectively) proved 
impractical, and the maximum value (d33,f,max) of the response was plotted (Figure 11-8a). 
The results indicate extraordinary enhancements to the electromechanical response of the 
material stack, with up to two orders of magnitude increase in displacement per applied 
voltage. Due to the lack of observed enhancements to dielectric and ferroelectric responses 
corresponding to these changes in electromechanical response, these giant 
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electromechanical couplings are certainly due to substrate bending resulting from the 
design of the material stack.  
The plotted and tabulated trends allow for a global view of the effects of 
progressively releasing the PZT thin film from the Si substrate, but does not allow for local 
analysis. The behavior of a biaxially-stressed Si membrane subjected to nonlinear residual 
stresses, variations in etch rate, electrode-induced stresses, etc. is a complex mechanical 
structure, and functional response measurements at different locations on the membrane 
inevitably demonstrate local deviations from the mean response. Figure 11-9, Figure 11-10, 
and Figure 11-11 demonstrate selected functional response curves and measurements to 
demonstrate these local variations. 
Figure 11-9 illustrates the difficulty in interpreting the data from global trends with 
residual Si thickness and the complexity of the interaction between the ferroelectric, 
substrate, and resulting effects on individual functional responses. Remanent and saturation 
polarizations are reduced in the film with 2 µm Si, and switching occurs at lower voltage 
(EC+). On the other hand, decreasing the thickness of the Si substrate from 25 to 2 µm 
results in minor enhancements of the AC electric field dielectric response for 
measurements taken on the same electrode in direct succession 
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Figure 11-9 (a) P-E hysteresis loops and (b) AC electric field dielectric response from 
sample set M1 at approximately 25 µm and 2 µm Si substrate thickness. While the 
initial set of M1 samples were all prepared individually and measured separately, 
several of the samples that showed high functional response were re-etched to thinner 
Si. The loops shown here are on the same electrode and sample, etched to different 
depths.  
 Examination of the ferroelectric, dielectric, and piezoelectric response curves from 
sample M4.1 at selected etch depths further demonstrates the complexity of releasing the 
PZT film from the substrate (Figure 11-10). The ferroelectric and dielectric responses show 
non-trivial reductions when etching from 500 µm to 10 µm thickness, but subsequent 
enhancements when etching deeper to 2 µm Si thickness (Figure 11-10a, b, d). Distinct 
behavior is observed in the plots of d33,f,max, where saturation of the curve does not result 
in a steady value for the sample etched to 2 µm Si thickness. This effect was quite common 
throughout all samples, making interpretation of any commonly-used piezoelectric 
response parameters (e.g., d33,f,sat and d33,f,rem) difficult.  
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Figure 11-10 Selected (a) P-E hysteresis curves, (b) AC dielectric permittivity, (c) DC 
piezoelectric response, and (d) DC dielectric response from sample M4.1. Generally, 
the curves tend to show degradation when reduced from 500 to 10 µm Si substrate 
thickness, but subsequently demonstrate favorable inceases at 2 µm substrate 
thickness 
 Comparison of the P-E hysteresis loops at increasing AC electric field for an off-
membrane (500 µm Si thickness) and on-membrane, completely released (0 µm Si 
thickness) shows an electric field-dependent interaction of the ferroelectric response. The 
released electrode shows superior values of saturated and remanent polarization up to 300 
kV/cm, but polarization response is substantially lower at 400 kV/cm with respect to the 
off-membrane electrode, suggesting that applied electric field (and associated material 
deformation) may alter the degree of stress in the released PZT capacitors and subsequently 
modify the functional properties.  
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Figure 11-11 P-E loops at progressively higher applied AC electric field on and off a 
fully released (0 µm Si) PZT thin film from set M4.1. The fully released electrode 
shows superior polarization properties at all fields except 400 kV/cm, where it is 
eclipsed by the off-membrane electrode.  
 Finally, plots of the total displacement of the measured electrode as a function of 
applied AC electric field are shown in Figure 11-12. The plots demonstrate the highly 
nonlinear nature of the displacement of the membrane with applied electric field. Notably, 
at approximately 50 µm residual Si thickness, significant increases to the displacement 
begin to occur, and at very low levels of residual Si (< 5 µm), enormous nonlinearities are 
observed. The direction of displacement is highly reversible, likely due to residual stress 
interacting with induced displacement of what is essentially a bi-stable mechanism. The 
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displacement plots are beneficial for identifying the relative critical thickness of Si for 
onset of highly nonlinear displacement (see Figure 11-12b and Figure 11-12c). 
 
Figure 11-12 Plots of the measured displacement of the probed electrode as a function 
of applied AC electric field. 
 
11.4.8 Non-contact Interferometric Strain Estimation 
 During fabrication and testing, two distinct stress/strain effects were noted: (i) the 
1 cm2 membrane experienced significant bowing and deflection in most samples, 
especially those with the remote electrode layout (Figure 11-4), and (ii) at very thin residual 
Si, the top electrodes also resulted in significant local deflection of the membrane (Figure 
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11-2). Precise determination of only one of these effects in isolation would be a non-trivial 
task, but the two compounded together results in a highly-complex interaction that changes 
with Si thickness, heating/fabrication conditions, electrode thickness, film thickness, 
uniformity of films, etching, etc. Non-contact, white-light interferometry and a simplified 
model can be used to estimate the maximum potential strain, assuming that the bowed 
film/membrane stack is strained (and not exhibiting relaxation thereof). Results of the non-
contact interferometry on the backside of samples from sets M3 and M4.1 are shown in 
Figure 11-13. Large deflections due to the residual stresses are created by the patterned top 
electrode contact: up to 14 µm on sample M3 across a 1000 µm diameter electrode. These 
results can be used with various analytical formulations to estimate the stress in the thin 
film material structure. 
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Figure 11-13 Relative height images from non-contact interferometry measurements 
on samples from set (a) M3 and (b) M4.1. Baseline displacement has been set to 0 at 
the SiO2 layer. Notable is a maximum deflection of up to 14 µm for sample M3, across 
an electrode of 1000 µm diameter 
 
11.4.9 Strain Estimation at Electrodes Using the Stoney Formula 
 The Stoney formula, initially published in the early 1900’s to describe metallic 
films deposited via electrolysis, has been adopted for extensive use in thin film analysis for 
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microelectronics processes to describe residual stress developed in a thin film of uniform 
thickness on a relatively thick substrate of uniform thickness, both with the same radius of 
curvature.319-322 Specific assumptions and criteria are discussed elsewhere.320 The 
relatively similar thicknesses of the film layers present in the released PZT material stack 
here (Figure 11-14b) are not ideal for Stoney formula, but it serves as a first approximation. 
 
Figure 11-14 (a) Schematic of electrode deflection for estimating the radius of 
curvature for use in the Stoney formula. (b) Illustration of the released electrode and 
exaggerated curvature due to the local stress in the material stack. 
 We can employ the approximation shown in Figure 11-14a that shows the electrode 
diameter and maximum deflection, and assume that the resulting shape is approximately 
spherical in 3D, or circular in 2D across the diameter, and corresponds to the maximum 









where δz,electrode is the maximum deflection across the electrode and delectrode is the electrode 
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where Ey,s is Young’s modulus of the substrate, ds and dPZT are the thicknesses of the 
substrate and the PZT layer, respectively, R is the radius of curvature, and νs is Poisson’s 
ratio of the substrate. For this approximation, we will assume that the composite layer 
consisting of the SiO2 elastic layer and the Ti/Pt (or TiO2/Pt) bottom electrode serves as 
the substrate. The composite modulus of the SiO2 and Ti/Pt (or TiO2/Pt) bottom electrode 
is estimated using a formula derived from the rule of mixtures:326 
 𝐸¦,[G]^8𝑑[G]^8 = 	𝐸¦,/2©𝑑/2© + 𝐸¦,./𝑑./ + 𝐸¦,{G𝑑{G 11-3 
where Ey is Young’s modulus and d the thickness of each respective material in the stack. 
The composite Poisson’s ratio is estimated using a volumetric mean of the constituent 
layers, which translates to thickness for the equal areas (top electrode area) used here. Table 
11-5 shows the mechanical properties of each of the materials used in the stack for 
computation, taken from work by Yagnamurthy et al. on the mechanical properties of PZT 






Table 11-5 Mechanical properties of materials used in the ferroelectric thin film 
material stack.326,348,349 An asterisk (*) next to the value of ν indicates that the value 
has been estimated from extrapolation of the value using a weighted mean based on 
the thickness and ν of each individual layer. 
Material Ey (GPa) ν 
Si 169 0.064 
SiO2 72 0.2 
SiO2-TiPt 88 0.24* 
SiO2-TiPt-PZT 88 0.22* 
SiO2-TiPt-PZT-Pt 94 0.23* 
Pt 182 0.41 
PZT 84 0.3 
 
 Using the data from Table 11-5 in conjunction with Expression 11-2, the values for 
film thicknesses in Table 11-1, and interferometry measurements on sample M3, the 
maximum stress as estimated by the Stoney formula using a 14 µm deflection is 
approximately 1 MPa. Again, it is worth noting that the Stoney formula is primarily valid 
for thin films on thick substrates, at a large distance from the neutral axis of the membrane 
under bending. In the structure shown in Figure 11-13a, the neutral axis is located in the 
PZT layer (dPZT = 800 nm, dSiO2,Ti,Pt = 635 nm), and likely results in small maximum 
potential stresses in the PZT layer for this reason. Also worth noting is the fact that the 
deflection of the structure when released does not necessarily indicate that all components 
in the stack are in a stressed state – relaxation of residual stresses may result in deflection 
of the structure in order to minimize local stresses. A detailed analysis using finite element 
analysis (FEA) or the Kirchoff-Love equations for clamped circular plates could be 
undertaken; solutions for the equations are non-trivial, and best left for future work.350  
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11.4.10 Estimation of Strain in Membrane with Linear Elastic Theory 
 The maximum static deflection measured in the membranes was 100-500 µm at the 
center for membranes with less than 5 µm of residual Si substrate, and typically bowed 
upwards out of the film surface, suggesting a tensile strain in the film. Simple linear elastic 
theory of a clamped membrane can be used to estimate the strain at the center and top 
surface of the PZT film on the membrane. The strain, ϵxx = ϵyy is given by 
 
𝜖xx = 𝜖¦¦ = −
𝑝𝑑𝑟V
32𝐷 ,𝑊 = −
𝑝𝑟«
64𝐷 , 𝐷 =
𝑡𝐸/
12 1 − 𝜈/V
 
11-4 
where p, d, r and D are the applied differential pressure, thickness, radius, and flexural 
rigidity of the membrane structure, respectively. ESi and νSi are Young’s modulus and 
Poisson’s ratio of the Si substrate. W is the maximum deflection at the membrane center. 
Due to the fact that the onset of membrane bowing and deflection began at roughly 20 µm 
of Si thickness, the flexural rigidity of the much thinner ~1 µm PZT film is neglected. Thus, 
the resulting biaxial stress at the PZT film can be calculated using the plane stress state: 
 𝜎xx = 𝜎¦¦ =
𝐸{+.
1 − 𝜈{+.V
𝜖xx + 𝜈𝜖¦¦  
11-5 
An effective radius, r, can be estimated by equating the area of 1 cm2 square membrane to 
a circular plate, and solving for r. Using r; the maximum displacement of the membrane, 
W; and the flexural rigidity of Si, we can solve for ϵxx = ϵyy, insert the result into expression 
11-5, arriving at an estimate for the maximum stress in the membrane. For a residual Si 
thickness of 5 µm and maximum deflection of 500 µm, this yields an estimate of 
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approximately 80 MPa of tensile stress across the surface of the membrane (in the PZT 
layer). True stresses in the structure and PZT film are potentially lower, if the deflection 
occurs in order to relieve heat-related residual stress originating during fabrication.  
 
11.4.11 Piezoresponse Force Microscopy Results 
 The complex stress/strain interaction between the thinned Si substrate, PZT thin 
film, and top electrode contacts makes macroscopic measurements of the functional 
response through the top electrode contacts difficult to interpret. Probing the local, 
microscopic ferroelectric response via piezoresponse force microscopy (PFM) allows for 
a more unadulterated view of material response by bypassing the top electrode and 
accompanying effects on local strain. The topographical height and amplitude/phase of the 
piezoresponse are shown in Figure 11-15. Domain structures are visible in the amplitude 
and phase plots. The on-membrane scan shows a qualitatively greater proportion of the 
material with a large piezoresponse phase, potentially indicating increased polarization 
alignment normal to the surface in on-membrane regions, due to the release from the 
substrate. Height scans appear to show some cracking in both regions of the film. 
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Figure 11-15 Height retrace and amplitude/phase of the piezoresponse for off- and 
on-membrane regions of the membrane from sample M4.1. Domain structures are 
visible in the amplitude/phase of the piezoresponse.  
 Switching spectroscopy measurements (SS-PFM) were performed on selected 
regions of the scans shown in Figure 11-15. SS-PFM probes the local hysteretic strain, 
using the conductive probe tip as the “top electrode” and continuous Pt bottom electrode. 
Nested hysteresis loops at 2 V increments from the SS-PFM measurements are shown in 
Figure 11-16. The on-membrane released loops show stronger development at lower 
applied voltages, reduced switching voltages, and greater amplitude of the piezoresponse. 
These results, especially the switching voltage, apparently contradict the results of the 
macroscopic measurements of the coercive fields, which are stable across the range of 
membrane thickness. The local PFM switching spectroscopy results suggest that the top 
electrodes strongly influence the stress state of the PZT thin film, counteracting the release 
of the ferroelectric from the substrate and negatively affecting the functional response. 
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Figure 11-16 Switching spectroscopy piezoresponse force microscopy (SS-PFM) 
measurements on (a) off-membrane and (b) on-membrane locations. Nested butterfly 
loops are shown, at 2 V increments. Raw data is shown in light gray, and has been 
smoothed with an adjacent-point averaging filter for better visualization. 
 
11.4.12 Scanning Transmission Electron Microscopy Results 
 The results of cross-sectional scanning transmission electron microscopy (STEM) 
show highly-columnar grains throughout the sample, and crystallization interfaces are 
visible as horizontal lines (Figure 11-17). The goal of performing STEM was to observe 
any potential changes in grain/domain microstructure in the films, especially near the 
interface with the bottom electrode, when released from the Si substrate. However, minimal 
variation in microstructure is observed. Future TEM work, such as nanobeam diffraction 
to effectively resolve the strain gradient across the films’ cross section is ideal for ongoing 




Figure 11-17 Scanning transmission electron microscopy (STEM) images of (a) on-
membrane (~1 µm residual Si) and (b) off-membrane (500 µm Si substrate) from 
sample set M1. Dotted arrows indicate crystallization interfaces, consisting of three 
individual layers of 0.4M PZT. Delamination of the PZT and bottom electrode contact 
from the SiO2 elastic layer occurred at some point during testing or STEM sample 
preparation for the on-membrane sample (a). 
 
11.5 Discussion and Conclusion 
 Progressively releasing PZT thin films from the Si substrate via selective backside 
etching of the material stack demonstrates the complex interactions of residual stress 
through the material stack – results are difficult to decisively interpret. The enormous 
increases to the electromechanical response exhibited by the released PZT thin films 
represent a unique engineering approach to maximizing displacement for MEMS-related 
applications. Maximum electromechanical couplings on the order of 3 to 8 nm/V exceed 
the best thick film and bulk reports by at least one order of magnitude,35,352 and could be 
leveraged as a relatively simple and effective means to enhance electromechanical response 
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for applications where thin films are already being implemented. The fragile nature of fully-
released PZT thin films (0 µm Si) makes them impractical for many applications, but the 
electromechanical response is approximately doubled at 100 µm membrane thickness, and 
one order of magnitude increases are observed at approximately 10 µm Si thickness. 
Anecdotally, membranes from 10 to 100 µm were still quite robust during testing and 
transportation, and would likely be appropriate for implementation in low-stress/low-
impact environments.  
 The multi-component material stack results in a more complex interaction of 
residual stresses than originally hypothesized. This point is clear from the plotted 
functional response curves. Apparent contradictions between ferroelectric and dielectric 
response enhancements (Figure 11-9), nonlinear enhancement/degradation trends with 
increasing etch depth (Figure 11-10), and electric field-dependent changes in ferroelectric 
behavior (Figure 11-11) all highlight the multifaceted interaction of stress, substrate 
clamping, and functional response. At various Si etch depths, especially approaching < 10 
µm residual Si, the stress state is likely very nonlinear and varies with only minor additional 
etching. This interaction is demonstrated in Figure 11-10, where deleterious stresses at 10 
µm Si result in property degradation, but are overcome by further releasing of the substrate 
to 2 µm Si. The apparent field dependence of ferroelectric properties in Figure 11-11 are 
most likely related to increased deflection and dynamic stress effects with increasing 
applied electric field in the on-membrane, fully-released capacitor – large deflections at 
elevated electric field yield additional stresses that supersede any previous enhancements 
derived from the lack of substrate clamping. 
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 Finally, large bowing and warpage of the membrane structure with very thin 
residual Si were further complicated by the stresses created in the top electrode contacts. 
Yagnamurthy et al. showed that a significant portion of the residual stress in similarly-
processed PZT material stacks originated in the Ti/Pt electrodes – over 500 MPa compared 
to 30 to 70 MPa for all other components.326 When the upper film stack is released from 
the Si substrate, all remaining components (elastic layer, bottom electrode, PZT, top 
electrode) are within approximately one order of magnitude of thickness from one  another, 
and the Ti/Pt bottom electrode likely dominates the clamping of PZT thin films. The 
curvature of the electrodes after release is consistent with the tensile stress indicated by 
Yagnamurthy et al., but due to the location of the PZT layer near the neutral axis of the 
released structure, it is probable that it experiences only small fluctuations in stress, thus 
explaining the relatively small variation in functional properties. On the ther hand, 
clamping by the top electrode prevents complete release of the film for macroscopic 
functional response measurements – it is always constrained by at least one component of 
the material stack between which it is sandwiched. This hypothesis is supported by the 
PFM results of the local ferroelectric response, indicating reduced switching voltages, more 
highly-developed butterfly loops, and greater piezoresponse for regions of released PZT 
compared to clamped regions. Further investigation in future work of different substrates, 
elastic layers, heat treatments, film thicknesses, and electrode types must be undertaken in 
order to fully elucidate the nature of competing stresses and the interaction with substrate 









In this chapter, the principal findings of this thesis are summarized and the major impacts 
are discussed. Potential directions for future undertakings and experiments that will expand 
the present studies are offered. 
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12.1 Summary and Conclusions 
 The continuous development and innovation of modern microelectronics devices 
have, in recent years, been met with increasingly rigorous functional and operational 
requirements for new applications and environments. The need for enhanced response, 
miniaturized devices, lower power, increased robustness, and full process integration have 
substantively driven the optimization of functional materials employed for sensing, 
actuation, transduction, energy harvesting, and a variety of other functionalities. 
Multifunctional ferroelectric oxides – boasting large dielectric, polarization, and 
piezoelectric responses – have assumed a crucial role in applications ranging from MEMS 
sensors and actuators to medical ultrasound devices, to ferroelectric memory devices and 
passive environmental energy harvesting.1 However, with the increasing prevalence of 
satellites for telecommunications, alternative nuclear energy, and even space travel, the 
radiation tolerance of devices for such applications and the materials that drive them has 
become a critical concern.40,353 The work in this thesis has taken a multifaceted approach 
to elucidating the fundamental interactions of ionizing radiation with ferroelectric materials 
and various interfaces in the material stack, identifying the principal causes for radiation-
induced degradation of dielectric and ferroelectric functional responses. The augmented 
understanding of these fundamental mechanisms that govern ferroelectric thin films and 
their interaction with radiation is leveraged to develop practical knowledge for the design 
of higher-performance material stacks and devices. This is accomplished by implementing 
methods for mitigating radiation-induced damage, even at very high levels of ionizing 
gamma radiation. Such knowledge helps to address the performance of radiation-tolerant 
ferroelectric material stacks for use in microelectronics and MEMS devices.  
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  Specifically, the investigations of radiation tolerance in thin film ferroelectric 
material stacks attempt to build on the scattered previous knowledge in the field. Multiple 
studies have demonstrated degradation of functional properties in both bulk and thin film 
ferroelectric materials with exposure to both low-energy photons (X-ray, gamma) and 
high-energy particles (protons, neutrons).40,97,98,101 Such degradation is generally attributed 
to the creation and/or activation of defects in the ferroelectric material, eventually leading 
to the suppression of polarization and degradation of extrinsic contributions to the response 
(e.g., domain wall motion).32,40,101 While these previous investigations have uncovered, to 
some degree, the nature of radiation interactions with ferroelectric materials, few studies 
have attempted to compare the effects of modifying film properties and features of the 
material stack and measure the resulting effects on their radiation tolerance. The studies in 
this thesis have investigated the effects of critical interfaces and interactions in the 
irradiated ferroelectric material stack, including the ferroelectric-electrode interface, grain 
boundary interfaces, layer crystallization interfaces, dopant-ferroelectric-radiation 
interactions, and the mechanical boundaries in the lower material stack.  
 
12.1.1 Electromechanical Interface at the Ferroelectric-Electrode Boundary 
 A study of a single 2.5-Mrad gamma radiation dose on the effects of Pt vs. IrO2 top 
electrodes on PZT thin films demonstrated that the interface between the ferroelectric thin 
film and the electrode contacts plays a critical role in determining functional material 
response.32 Samples with IrO2 top electrodes exhibited greater tolerance to radiation-
induced degradation of dielectric, polarization, and piezoelectric properties compared to 
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those with Pt top electrodes. The quantitative comparisons favoring samples with IrO2 over 
Pt top electrodes were accentuated by visibly-exacerbated pinching of the P-E hysteresis 
loops and formation of new peaks in the εr-EDC tunability curves for samples with Pt top 
electrodes. Interpretation of these results suggests that trapped charges generated by 
gamma irradiation modify pre-existing pinning centers in the material (especially oxygen 
vacancies), resulting in increased stabilization of domain walls. These oxygen vacancies 
are often mobile, especially with the application of electric field, and can migrate and 
accumulate to form planar structures at the film-electrode interface, in a process that 
resembles ferroelectric fatigue.72 Metal-oxide IrO2 top electrodes are likely conductive to 
some ionic motion, and annihilation or recombination of oxygen-related defects occurs at 
the PZT-electrode hetero-interface. On the other hand, the purely metallic Pt top electrodes 
do not allow for similar annihilation of defects, and formation of a ferroelectrically-inactive 
layer ensues. The results of this study not only demonstrate a practical approach to 
increasing radiation hardness in ferroelectric PZT thin films by simple variation of the top 
electrode material, but also shed light on the role of defects created/activated by irradiation, 
their interactions with interfaces in the material stack, and their eventual effects on 
functional material response.  
 
12.1.2 Total Ionization Dose and Quantification of Defect Interactions in Irradiated 
Ferroelectric Materials 
 While studies of the functional response at a single radiation dose allow for an 
interesting comparison of radiation tolerance of the ferroelectric thin film and material 
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stack, total ionization dose (TID) studies offer a far more comprehensive picture of 
dynamic material-radiation interactions, as well as defect interactions that are initiated at 
different radiation dose/energy levels. In practical terms, TID studies more effectively 
expose a material to conditions representative of a radiation-hostile environment, allowing 
for the study across a range of time-dependent doses and subsequently related defect 
concentrations in the material. Multiple experiments were designed in this thesis that relied 
on a range of gamma radiation doses; however, the increased number of discrete doses for 
response characterization necessitated a method for quantifying performance and 
correlating to radiation dose.  
A phenomenological model was thus developed that assumes the rate of defect 
creation/activation in a ferroelectric material (and thus defect population) is proportional 
to the radiation dose.189 Newly created/activated defects in the material, including both 
ionization and displacement events, interact both with the material lattice and with other 
defects, e.g., domain walls, point defects, defect dipoles, grain boundaries, etc. These 
defect interactions lead to modifications of the measured macroscopic functional response 
by impacting a given volume of functional ferroelectric material volume. A 
phenomenological model was thus developed that relates defect interactions (assumed 
proportional to radiation dose) to the degradation/enhancement of a given functional 
response parameter, yielding a modified sigmoid function for fitting such data.189 Two 
parameters are quantified to describe defect interactions: the effective mean change in 
material volume impacted by defect interactions per each new defect created, and the 
effective rate of defect saturation. The former can be considered as the global susceptibility 
of the material to defect-induced change; the latter is useful for describing the nuanced 
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anisotropic physical phenomena governing the effective rate of change of the functional 
response with radiation dose.  
In subsequent experiments on PZT thin films studying grain microstructure, Mn-
doping, and elastic layer thickness/material, the phenomenological model was employed 
to quantify defect interactions and extract valuable comparisons of radiation-dependent 
trends. Additionally, the adaptability of the phenomenological model was demonstrated by 
expansion to multiple functional materials, including proton-conducting oxides for 
SOFCs/MIECs and high-temperature superconducting oxides, as well as variety of 
methods for stimulating defect interactions, e.g., He2+ ion implantation, heavy-ion 
bombardment, and chemical doping.198,199,204  
The developed model elegantly complements the attractive aspects of employing 
radiation as a tool for defect engineering in a host of functional materials. Creation of solid 
solutions and, in general, chemical modification (i.e., doping) of materials has been the 
approach used since antiquity for the design of new materials and modification of 
preexisting ones. Irradiation of materials can be a strong alternative approach, due to the 
relative simplicity and favorable additive nature of radiation dose experiments. Correlation 
of materials’ properties to radiation dose allows for careful, on-demand 
enhancement/reduction of properties and the ability to tailor functional response to the 
intended application. Examples include control of dielectric losses for ferroelectric energy 
harvesting applications, or modification of proton-conduction in metal oxides used for 
MIECs, among others. Quantification of material performance as a function of radiation 
dose has the potential to drive the design of next-generation materials and devices that 




12.1.3 Internal Grain Boundary Interfaces 
Application of the phenomenological model to historical data from the literature on 
bulk and thin film ferroelectrics exposed to gamma radiation showed generally greater 
degradation of bulk ceramics compared to thin films, suggesting that size effects and 
microstructural properties likely contribute to the severity of radiation interaction with 
ferroelectrics. To study the effects of microstructure and grain morphology, two sets of 
PZT thin films were fabricated: one set of samples with smaller, uniformly-textured 
columnar grains and another with larger, randomly-oriented equiaxed grains. Irradiation of 
the samples across a 0.2 to 10 Mrad dose range resulted in distinct degradation behavior 
correlated to ferroelectric material microstructure. Large degradation of domain wall 
motion was noted in both samples, and expected to be the principal contributor to 
degradation of functional responses in the films. However, the equiaxed samples had larger 
grains, and likely larger domains with more mobile domain walls with respect to the 
columnar-grained samples. When exposed to irradiation and the resulting defect 
interactions, these domain walls of elevated mobility are subject to greater magnitude of 
degradation compared to samples with columnar grains. Lower rates of defect saturation 
were observed in samples with columnar grains, likely due to the fact that increased grain 
boundary density serves as a more effective defect sink in such samples, allowing for defect 
accumulation at internal interfaces in the absence of functional material volume.  
Not only do the results from this study allow for valuable insights regarding the 
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effects of microstructure on radiation-induced degradation of ferroelectric thin films, they 
also elucidate the fundamental interactions of radiation with these materials in general. 
Specifically, it was found that degradation of the remanent polarization and piezoelectric 
responses was far more severe than that of the saturation responses. Remanent response is 
measured at low electric field; saturation, at high field. This result suggests that the defects 
created by exposure to ionizing gamma radiation are of relatively low energy, and the 
effects of pinning on domain wall motion are abated at higher electric fields employed to 
measure saturation responses. These general considerations of radiation-induced defects in 
ferroelectrics, as well as the previous microstructural considerations, provide critical 
knowledge toward the design and tailoring of radiation-tolerant ferroelectric thin films and 
material stacks. 
 
12.1.4 Functional and Structural Effects of Internal Layer Interfaces and Chemical 
Heterogeneity 
 The study of internal film interfaces was continued via deliberate fabrication of 
films with different numbers of layer crystallization interfaces. Recent reports on novel 
methods for processing hetero-layered, graded, and superlattice epitaxial ferroelectric films 
have shown attractive enhancements to dielectric, ferroelectric, and electromechanical 
properties.249,250,252-261 However, the origin of these interesting properties is somewhat 
debated in the literature, having been attributed to mobile phase boundaries, chemical 
heterogeneity, misfit strain, flexoelectricity, etc. Furthermore, similar studies have not 
comprehensively studied related effects in CSD ferroelectric thin films. PZT thin films 
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were thus fabricated across a range of layer crystallization periodicities with similar total 
film thickness, resulting in dramatic, alternating Zr/Ti gradients, and corresponding to R/T 
phases in the films. These periodic rhombohedral-tetragonal (pR/T) films demonstrated 
increased extrinsic contributions to dielectric and ferroelectric responses with increasing 
layer periodicity, but were counterpointed by simultaneous reductions of intrinsic 
contributions to the response.  
 Notable crystallographic discontinuity contributed to grain size reductions in films 
with thinner layers, decreasing their domain size and related domain wall mobility. 
Residual stress and deep chemical oscillations in the samples initiated fluctuations to the 
tetragonal side of the phase diagram, yielding increased intrinsic contributions to the 
response. This effect was exacerbated in films with greater layer thickness and more 
dramatic Zr/Ti gradients, but such gradients simultaneously approached the MPB, and 
contributed to greater overall dielectric, ferroelectric, and piezoelectric responses. This 
work highlights the role of layer crystallization interfaces and chemical heterogeneity on 
determining functional response, and paves the way for work on radiation-tolerance of 
similarly-processed PZT thin films (CHAPTER 8) and the mechanisms that are susceptible 
to radiation-induced degradation of the functional response. 
 
12.1.5 Layer Crystallization Interfaces: Interaction with Radiation 
 The work on the effects of hetero-interfaces (CHAPTER 4) and microstructure 
(CHAPTER 6) and in irradiated PZT thin films suggested that strong internal interactions 
govern, to a large degree, the eventual functional response that ferroelectric materials 
 347 
exhibit. The effects of crystallization interfaces and chemical heterogeneity were shown to 
generate similar structural and grain size variations (CHAPTER 7). In order to study the 
interaction of layer crystallization interfaces and chemical heterogeneity with radiation in 
PZT thin films, two sets of films were fabricated, one with good compositional 
homogeneity and relatively thick crystallized layers (~100 nm) and a second with strong 
compositional Zr/Ti gradients and thin individual layers (~30 nm), and exposed to gamma 
radiation doses from 0.2 to 20 Mrad. At low doses (0.2 to 2 Mrad), noteworthy 
enhancements of dielectric, polarization, and piezoelectric responses were observed for 
both sets of samples, thought to originate from the radiation-induced reversal of inherent 
internal bias. At higher doses, these enhancements were overcome by greater numbers of 
trapped charges at oxygen vacancy sites, resulting in more mobile 𝑉2∙ . These defects 
accumulate, order, and degrade functional properties. Samples with greater compositional 
heterogeneity and crystallization periodicity demonstrated greater degradation of extrinsic 
contributions to the dielectric response, likely due to more uniform distribution of defects 
throughout the sample thickness at internal interfaces, and potential radiation dose 
enhancements at denser regions of the compositional Zr/Ti oscillations in the films. These 
results suggest that the existence of fewer internal crystallization interfaces may reduce 
defect generation and accumulation in PZT thin films, and generally result in augmented 
radiation tolerance.  
 
12.1.6 Internal Dopant Defect Interactions 
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 Through the studies of electrode-ferroelectric interactions, microstructural effects, 
and layer crystallization schemes on irradiated ferroelectric thin films, it was found that 
defects – especially 𝑉2∙∙ and the radiation-modified, singly-charged, mobile 𝑉2∙  – play a 
critical role in determining these materials’ functional response and degradation behavior 
(CHAPTER 7). Given this strong interaction of radiation with oxygen vacancies and their 
mobility, it was hypothesized that methods to reduce the population of such defects in the 
pre-irradiation PZT thin film would subsequently mitigate radiation-induced degradation 
of functional response with TID exposure. Acceptor doping of PZT is known to “consume” 
oxygen vacancies in PZT, resulting in a “hard” composition.298 Hence, PZT thin films with 
4 wt.% Mn substituted for the B-site (Zr/Ti) cation were fabricated and irradiated, 
comparing their response to similarly-processed undoped films. It was found that the 
substantial Mn-doping significantly reduced initial dielectric, polarization, and 
piezoelectric responses compared to undoped PZT samples. However, across the radiation 
dose range, the Mn-doped samples demonstrated a superior degree of radiation tolerance 
of dielectric and polarization properties, with minimal response fluctuations even at 10 
Mrad.  
 Mn acceptor-doping of PZT is compensated by the creation of oxygen vacancies, 
which subsequently form 𝑀𝑛+,/./00 − 𝑉2∙∙ defect dipoles, stabilizing domain walls and 
reducing the population of mobile oxygen vacancies relative to undoped PZT. The result 
is lower response in virgin Mn-doped films due to increased pinning of domain wall 
motion, but negligible change in dielectric and polarization responses across the dose range 
due to the lack of mobile oxygen vacancies relative to undoped PZT. Undoped samples, on 
the other hand, suffer from substantial degradation of functional response arising from 
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increased mobility of radiation-induced, singly-charged 𝑉2∙  and ordering thereof at internal 
interfaces, such as grain boundaries, layer crystallization interfaces, film-electrode 
interfaces, etc. These results suggest that doping, irradiation, and the resulting defect-defect 
interactions can be leveraged to create extremely radiation-tolerant ferroelectric thin films 
for use in applications where response stability across a range of doses is critically 
important. 
 
12.1.7 Elastic Layer Boundary and Effects of Residual Stress 
 The effects of residual stress and substrate clamping on ferroelectric thin films have 
been shown to result in drastic effects on their functional response.274,319,321,329-334 Residual 
stresses, developed during thermal cycling for film crystallization, potentially modify 
defect mobility in the samples, as has been demonstrated in other functional metal oxides. 
PZT thin films with different thicknesses of SiO2 and AlN elastic (boundary) layers were 
fabricated and exposed to gamma radiation at doses from 0.2 to 10 Mrad to study the effects 
the residual stress/strain state in the ferroelectric material and the interaction with radiation. 
Generally, the results indicated that samples with SiO2 elastic layers were more radiation-
tolerant than those with the AlN layer, though the thickness of the SiO2 layer did not seem 
to produce consistent trends. Samples with AlN suffer from greater degradation of low-
field dielectric permittivity, extrinsic contributions to the dielectric response, saturation 
polarization, and saturation piezoelectric response compared to the samples studied with 
both thicknesses of SiO2 elastic layers. Furthermore, the PFM results indicate substantially 
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lower amplitude of the piezoresponse in samples with AlN elastic layers. However, causes 
for these trends are difficult to discern, and may also depend on other film factors.  
 The samples fabricated on AlN exhibited more random in-plane grain orientation 
and lacked the 100-PZT peak splitting that both sets of samples with different thicknesses 
of SiO2 elastic layers demonstrated. As shown in CHAPTER 6, grain microstructure can 
affect the radiation-ferroelectric interaction, potentially resulting in a distinct trend for the 
samples with AlN elastic layers. Estimations of the residual stress/strain show that the 
samples with 750 nm AlN elastic layer exhibit substantially lower levels of tensile stress 
than the samples with 2035 and 760 nm SiO2 layers. Tensile stress is known to increase 
defect mobility in functional metal oxides,310,311 potentially towards grain boundary sinks, 
thus increasing radiation tolerance in film with greater tensile stress. The interaction 
between radiation, defect interactions, and residual tensile stress is expected to 
substantially affect eventual radiation tolerance, and is a strong candidate for future work. 
 
12.1.8 Substrate Mechanical Interface and Residual Film Clamping Effects 
 The functional role and influence of the substrate on which ferroelectric thin films 
are fabricated cannot be overstated – residual stress and substrate clamping have been 
shown to effectuate vast long-range effects on domain wall motion in such films, thus 
impacting dielectric, ferroelectric, and electromechanical properties.1,24,36,274,319,321,328-335 
Such effects are especially prevalent as ferroelectric thin films are implemented in MEMS 
devices, where substrate requirements fluctuate based on the application.354 In order to 
study the effects of substrate clamping, PZT thin films were progressively released from 
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the Si substrate via backside etching to various depths, and functional response measured 
intermediately. The results indicated that the interaction between the film, residual stress, 
and substrate clamping is tremendously complex. Enormous enhancements to the 
electromechanical response were observed due to substantial bending of the relaxed elastic 
substrate boundary. However, no statistically relevant changes to the dielectric and 
polarization properties were observed via macroscopic characterization. Local PFM 
interrogation of released and clamped regions of the material, however, did show increased 
piezoresponse behavior for released PZT films. Coupled with estimates of strain in the 
region under top electrode contacts due to both membrane and electrode bowing, it is 
theorized that the release from the substrate creates a complex stress/strain state in the film-
electrode interface, masking any enhancement of macroscopic response. Paired with the 
work in CHAPTER 10 on elastic layer, residual stress, and the effects on radiation 
tolerance, variations in substrate thickness and film clamping will likely modify defect 
motion and MEMS device radiation hardness, and is an important target for future work. 
 
12.1.9 Radiation Interactions with Ferroelectric Thin Film Stack: Conclusions 
 While many reports on the general effects of radiation on ferroelectric materials 
and functional response exist in the literature, very little has been done prior to this work 
to study the strong microstructural, interfacial, chemical, and mechanical interactions that 
largely govern their functional response. The work in this thesis has attempted to shed light 
on these interactions, placing a strong emphasis on the types of defects created/activated 
by ionizing gamma radiation, and the subsequent interactions of said defects with external 
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hetero-interfaces, microstructure, internal crystallization interfaces, chemical 
heterogeneity, chemical dopants, and residual stress. The results have demonstrated that 
gamma radiation generally creates or activates mobile, oxygen-related vacancies in PZT 
thin films, resulting in reduced extrinsic contributions to the functional response, such as 
the nonlinear and hysteretic motion of domain walls. However, the degree to which these 
defects affect ferroelectrics’ functional response is immensely impacted by factors within 
the control of fabrication processes. The enhanced understanding of the fundamental 
science underpinning radiation-ferroelectric interactions gained through this work can be 
leveraged to engineer, tailor, and tune the functional properties of PZT thin film material 
stacks and eventual device functionality. 
 
12.2 Future Work 
 The following sections detail potential areas for future work and the advancement 
of both scientific understanding and engineering methods for increased radiation tolerance 
in ferroelectric thin films for MEMS and microelectronics devices. Ongoing and future 
work on the radiation tolerance of ferroelectric thin films is expected to span a variety of 
experiments and approaches, including multiple radiation sources, in situ measurements 
and bias conditions, diverse material systems, interfacial interactions, and post-irradiation 




12.2.1 Further Phenomenological Model Development 
 Of the research presented in this thesis, perhaps the most impactful and most 
suitable for future development is the phenomenological model for defect interactions in 
irradiated functional materials. As discussed in CHAPTER 5, the model is not only 
appropriate for irradiated ferroelectrics, but also for diverse materials systems (e.g., 
superconducting oxides, mixed-ionic electronic conductors (MIECs), and solid oxide fuel 
cells (SOFCs)) and methods for creating/activating defect interactions (ion implantation, 
chemical doping). The parameters extracted from application of the model to describe 
defects’ impact and rate of saturation are useful for a host of analyses – several are 
described in this work, but the true power of the model is realized with extensive 
application throughout future work and the literature. Future studies should focus on 
extracting and comparing the jN and k parameters for various radiation sources, functional 
material systems, microstructures, material stack components, measurement and operating 
conditions, and virtually any experimental work where the quantification of defects can 
provide useful comparisons of design variables to compare materials. An extensive 
application of the model will serve to further illuminate the fundamental mechanisms of 
radiation interaction with ferroelectrics and a broader class of functional materials. Several 
areas of interest are suggested in the following discussion of future work. 
 
12.2.2 Radiation Sources 
 As discussed previously, photonic irradiation, such as the gamma rays studied in 
this work, is generally not energetic enough (massless) to displace atoms in PZT; exposure 
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to such sources typically induces ionization events and results in the charging or activation 
of existing defects. On the other hand, irradiation with more energetic, massive particles – 
such as protons, neutrons, and heavy ions – can displace atoms in the lattice, leading to 
structural changes, loss of ferroelectric properties, domain modifications, and eventual 
amorphization of the material. Multiple experiments on fast neutron irradiation of PZT 
ceramics have demonstrated significant displacement of atoms in the PZT lattice to 
interstitial sites, leading to a structural phase transformation from tetragonal to cubic and 
substantial degradation of functional properties (Figure 12-1).98,99 Henriques et al., showed 
that Pb and O at lattice sites was significantly decreased (up to 6% decrease in Pb sites) in 
neutron-irradiated samples, leading to substantial accumulation of Pb and PbO at internal 
interfaces in the material, such as grain boundaries.98 Other experiments have shown 
similar induced damage and phase transitions in ferroelectric metal oxides with swift heavy 
ion irradiation.355,356  
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Figure 12-1 Changes to unit cell parameters in ceramic PZT exposed to a range of 
neutron doses, demonstrating the trend towards a phase transition from tetragonal 
to cubic structure.99 
 Previous studies from the literature on neutron, proton, and heavy ion irradiation of 
ferroelectric materials have provided valuable insights into the fundamental interactions of 
heavier particles with the ferroelectric. However, details of material stacks, comparisons 
of microstructure, interfacial interactions, and general work towards improving radiation 
tolerance are, for the most part, left uninvestigated. Similar to the motivation for the work 
contained in this thesis, further investigation of diverse radiation sources should be 
undertaken, not only with higher energy particles (i.e., protons and neutrons), but also for 
X-ray and UV radiation. X-rays and UV rays have been shown to modify charge states and 
functional response in functional materials,97,288 even resulting in potential enhancements 
thereof.288 At the time of this writing, experiments on heavy Fe2+ irradiation of the 4% Mn-
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doped and undoped PZT samples are being performed to investigate the effects of doping, 
defect-defect interactions, and more energetic particles on the functional properties. 
Further work with proton and neutron radiation is planned on similar sets of samples. Such 
work will allow for quantification of thejN and k parameters for various radiation sources 
and effects on microstructure, dopant concentration, etc. 
 
12.2.3 In Situ Testing and Bias Conditions 
 Total ionization dose (TID) studies have been explored as a superior approach to 
single-dose studies, due to the greater range of radiation interaction studied, as well as 
offering a better approximation of the environment in which devices operate. However, 
many devices, such as those operating in space, are subject to operation during constant 
exposure to ionizing radiation. In situ measurements of material properties and functional 
response during radiation exposure allow for probing dynamic effects, and limit the 
possibility of relaxation or recovery that may occur after removal from the radiation source. 
However, in situ measurements are difficult and often limited by the irradiation 
experimental set up. Several areas of testing stand to benefit from in situ measurements.  
 First, preliminary measurements of the DC bias-dielectric response in PZT thin 
films directly after irradiation as well as after substantial relaxation time (4200 min) show 
significantly different results: the samples demonstrated a large degree of recovery over 
time (Figure 12-2). Second, the application of DC bias with opposite polarities during 
irradiation also drastically modifies the shape of the C-V curves and the formation of new 
peaks therein, suggesting that defects created/activated during irradiation are highly mobile 
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and accumulate at different regions in the sample and/or with distinct preferential 
orientations. This dynamic motion and accumulation of defects can vastly affect the 
functional properties of devices operating in radiation-hostile environments, and more 
rigorous in situ radiation testing of PZT thin films is necessary to fully uncover the effects 
of bias, measurements, and ultimately, device operation. These experiments should include 
a similar suite of functional characterization that was employed in this thesis, for proper 
comparison to TID studies. Notably, in situ electromechanical measurements are not 
possible with the same DBLI tool used throughout this thesis for probing the macroscopic 
piezoelectric response. To solve this problem, MEMS electromechanical resonators can be 
fabricated in the material stack and tested in situ.357 The vibrating resonator device is 
excited across a band of frequencies, and resonance is monitored electrically.358 The 
change in response as a function of radiation exposure can be monitored in situ, and a 
model can be used to estimate the e31,f electromechanical response. 
 
Figure 12-2 Capacitance-voltage (C-V) curves for PZT thin films irradated with 2.5 
Mrad gamma dose, and measured before, directly after (Loop 1 and 2), and after 4200 
min relaxation time. (a) shows measurements of samples on which +20 V was applied 
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during irradiation, and (b), -20 V. Data courtesy of Cory D. Cress (US Naval Research 
Laboratory), Ronald G. Polcawich (US Army Research Laboratory), and Ryan Q. 
Rudy (US Army Research Laboratory). 
 Additionally, in situ measurements of potential lattice strain in irradiated samples 
can elucidate any dynamic effects of radiation on the PZT lattice. In the single-dose study 
in CHAPTER 4 on the PZT-electrode interface, synchrotron XRD data on samples 
irradiated to 10 Mrad with gamma rays showed no evidence of lattice strain (Figure 12-3). 
These results suggest that no residual structural damage occurs after high levels of gamma 
radiation; on the other hand, in future work employing different radiation sources with 
heavier particles capable of causing atomic displacements, lattice strain is to be 
expected.98,99 However, it is possible that ionizing radiation causes structural changes to 
the material that are elastically recoverable when removed from the exposure. These 
dynamic effects may lead to some amount of lattice strain, polarization suppression, and 
defect motion that is abated once the sample is removed from radiation exposure. While 
traditional X-ray diffraction (XRD) methods do not provide adequate resolution and high-
energy synchrotron beams can obfuscate results with additional radiation exposure, micro-
Raman spectroscopy is a compelling candidate for in situ monitoring of structural changes 
in ferroelectric thin films exposed to radiation. Prior work by Prof. Hiroshi Funakubo at 
Tokyo Institute of Technology has demonstrated in situ micro-Raman techniques for 
measuring structural changes in ferroelectric materials in a variety of conditions, including 
local stress as a function of cooling temperature,359 field-dependent domain switching in 
MEMS cantilevers,360 and oxygen vacancy concentration in PbTiO3 thin films.361 In situ 
micro-Raman can be used to dynamically probe the degree of lattice strain and potential 
changes to local oxygen vacancy concentration during exposure of ferroelectric thin films 
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to radiation. These in situ measurements would allow for the study of transient strain 
effects, and when coupled with the in situ functional characterization data, decipher 
whether they play a role in determining the functional response of irradiated ferroelectric 
materials operating in real-world environments. 
 
Figure 12-3 Synchrotron XRD data for (a) 0 Mrad and (b) 10 Mrad gamma radiation 
exposure of PZT thin films at different bias conditions, effectively demonstrating the 
lack of radiation-induced lattice distortion in the irradiated samples. Data courtesy 
of Jacob L. Jones, North Carolina State University. 
 
12.2.4 Diverse Ferroelectric Materials 
 PZT has become one of the most technologically relevant ferroelectric materials 
for use in MEMS and microelectronics devices, due to its relative ease of fabrication, 
superlative control over material properties (even in CSD films), and highly attractive 
multifunctional response. However, in the past several decades, research on relaxor 
ferroelectric thin films, such as lead magnesium niobate-lead titanate, Pb(Mg1/3Nb2/3)O3-
PbTiO3 (PMN-PT), has demonstrated extremely attractive functional properties, especially 
the piezoelectric response, which eclipses that of PZT by a wide margin (Table 12-1).362,363 
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Table 12-1 Converse piezoelectric response of selected lead zirconate titanate (PZT) 
and relaxor ferroelectric binary systems, demonstrating the comparatively larger 
response in relaxor ferroelectrics, especially lead magnesium niobate-lead titanate 
(PMN-PT).362,363 
Form Material d33 (pm/V) 
Bulk ceramic PZT (53/47) (lead zirconate titanate) 220 
Polycrystalline 
0.7PMN-0.3PT 
(lead magnesium niobate-lead titanate) 670 
0.58PSN-0.42PT 
(lead strontium niobate-lead titanate) 450 
0.5PNN-0.5PZT(35/65) 
(lead nickel niobate-lead zirconate titanate) 370 
Single Crystal 70PMN-30PT (lead magnesium niobate, lead titanate) ~1500 
 
 Relaxor ferroelectrics are characterized by dispersion of the dielectric anomaly, 
dependent on frequency and temperature.364 Some show a low-temperature phase that 
behaves as a traditional ferroelectric material.364 In perovskite-structured relaxor 
ferroelectric solid solutions, mixed cations of different valences occupy the B sites in the 
ABO3 structure with one end member a relaxor and the other often PbTiO3. In PMN-PT, 
Mg, Nb, and Ti all occupy the B-site. These B-site substitutions and the unequal cationic 
ratios lead to a higher degree of chemical and structural disorder in PMN-PT relative to 
PZT (and other common ferroelectric compositions with single B-site cations, such as BTO 
and PTO), due to kinetic limitations in the material.364 This disorder has been argued to 
result in a lack of stable domain states in PMN-PT, the presence of nanodomain structures, 
and reduced aging effects in the material.364 The absence of such aging effects led NASA 
to implement PMN-based actuators to position the replacement Wide-Field and Planetary 
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Camera 2 (WFPC2) for the Hubble Space Telescope, which have performed admirably.364 
PMN-PT has also found ample use in underwater sonar for US Navy application and in the 
medical imaging field for ultrasonic transducers. However, processing of oriented PMN-
PT ceramics and thin films is, to date, very challenging: large cracking of the material, Pb 
loss due to necessary high temperature crystallization, excessive porosity, and highly 
heterogeneous cation distribution can result in reduced functional properties (Figure 
12-4).362 
 
Figure 12-4 SEM micrographs of 600 nm thick PMN-PT thin films, demonstrating 
domed grains and high porosity in the material due to Pb loss at high crystallization 
temperatures.362 
 Very little work on the irradiation of relaxor ferroelectric PMN-PT exists in the 
literature. Angadi et al. reported modest increases to high-frequency dielectric permittivity 
and ~23% degradation of piezoelectric response in PMN-PT ceramics exposed to 1 × 104, 
50 MeV Li3+ ions/cm2, and observed no change in crystallinity.365 However, in-depth 
investigations of radiation tolerance as a function of defect interactions, microstructure, 
etc. are notably absent in the literature. It is expected that the large degree of cationic 
disorder in PMN-PT films will result in an interaction with radiation that is distinct 
compared to that of PZT. On one hand, ionizing radiation has been demonstrated to modify 
existing defects in PZT, and may result in a more intense interaction with the greater 
disorder and cationic occupancies of PMN-PT.32 On the other hand, it is also possible that 
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greater disorder will translate to the effect that radiation-created/activated defects are 
essentially “lost in the noise,” minimally impacting functional response. Also worth 
considering are the effects of porosity and cracking in many PMN-PT thin films. Porosity 
can act as effective sites for accumulation of defects, and reduce deleterious effects on the 
functional response.305 Finally, nanodomain structures in relaxor ferroelectric materials 
may reduce the long-range effects of domain-wall pinning by radiation-induced defects 
that critically affects irradiated PZT thin films. Work in CHAPTER 6 on grain 
microstructure showed that larger domains and subsequently more mobile domain walls 
experience greater proportional restriction of motion by radiation-induced defects. For 
PMN-PT thin films with smaller, more stable domain structures, the effects of defects on 
the pinning of domain wall motion can be potentially reduced relative to PZT thin films. 
 Recent work at Georgia Tech has demonstrated interesting functional properties in 
hetero-stacked PZT/PMN-PT films, suggesting that discrete heterolayering of these 
materials could be used to modify functional properties (Figure 12-5). This work could 
also be expanded to investigate the role of PZT/PMN-PT crystallization hetero-interfaces 
and resulting chemical heterogeneity on radiation-induced degradation, similar to work 
done in CHAPTER 7 and CHAPTER 8 of this thesis. Chemical heterogeneity and layer 
stacking arrangements have resulted in substantial changes to both intrinsic and extrinsic 
contributions to the dielectric and piezoelectric responses, and interaction with different 
radiation sources may result in diverse defect interactions with the material. 
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Figure 12-5 Functional properties in PZT/PMN-PT thin films fabricated at Georgia 
Tech, demonstrating interesting properties and potential enhancements of functional 
response as a function of hetero-layered film fraction. Data courtesy of Evelyn Chin, 




12.2.5 Additional Critical Interfaces in the Material Stack  
 In this work, multiple critical interfaces and interactions in PZT thin films exposed 
to gamma radiation have been investigated, including the PZT-top electrode 
heterointerface, grain boundary interfaces and microstructural interactions, layer 
crystallization interfaces, chemical heterogeneity, dopant-ferroelectric interactions, and the 
mechanical boundary conditions of the lower material stack. However, other interfaces and 
interactions in the ferroelectric thin film material can affect radiation tolerance.  
 In CHAPTER 4, the hetero-interface between the PZT thin film and top electrode 
contact was studied, concluding that IrO2 is generally superior to Pt, due to ionic motion 
and the effective annihilation of defects at the former. In the measurements performed for 
this study, bias conditions were applied in both the positive and negative directions, 
suggesting that defect motion would be bi-directional. However, only the top electrode 
material was modified – the bottom was consistently Pt. While the results of the study are 
compelling and represent a large step for increasing radiation tolerance in ferroelectric thin 
films, the effects of the bottom electrode contact material may differ from those on the top 
electrode. Defects may accumulate or be annihilated at different rates, dose enhancements 
might be asymmetric due to screening from the film and upper section of ferroelectric 
material, and crystallographic texture will likely vary for films grown on different 
substrates. Furthermore, the stack asymmetry may exacerbate film-surface defects and 
interaction with incident radiation, such as the photoelectric effect.366,367 This effect can 
result in free electrons, and likely contributes to significant modifications of the local defect 
energy near the film surface.  
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 Throughout the radiation work in this thesis, the Si substrate was identical for all 
films studied: p-type 100-Si wafers. Si is the standard for microelectronics devices, but 
newer semiconductor substrates, such as GaAs and InGaP, have demonstrated unique 
properties for exotic applications. While variations to the substrate most generally modify 
the crystallographic texture of ferroelectric thin films, they also control, to a large degree, 
the residual stress state in the film.133,135,228,312-315 The work on elastic layers in CHAPTER 
10 successfully demonstrated a correlation between residual stress state in irradiated PZT 
thin films and their functional response, but other factors, such as crystallographic texture, 
microstructure, and the inability to obtain reliable measurements of residual stress made 
proper isolation and direct conclusions regarding radiation tolerance unfeasible. Future 
work on this subject could include several studies: first, a thorough investigation of residual 
stress effects on radiation-induced degradation and subsequent defect motion. This can be 
accomplished by accurately quantifying film stress (using wafer curvature measurements 
during film fabrication) and subsequently correlating to TID degradation trends via the 
proposed phenomenological model. Various states of residual stress can be induced by 
bending the substrates during fabrication in a controlled manner,336 or by careful 
manipulation of the lower material stack (substrate and elastic layer).  
 Second, variation of the substrate thickness has been shown to result in large 
modifications to the piezoelectric response in ferroelectric thin films – such experiments 
may provide interesting interactions of radiation with less severely-clamped films.342 Films 
can be fabricated on Si substrates across a range of thicknesses and subsequently irradiated, 
characterized, compared via the phenomenological model, and the results correlated to 
substrate thickness and film clamping effects. Third, a proper study of the effects of SiO2 
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elastic layer across a range of thicknesses, taking care to monitor stress, structural, and 
functional properties simultaneously. This study could potentially be combined with the 
previously-suggested investigation of residual stress, keeping in mind that modification of 
the elastic layer can potentially result in other structural changes in the films, which should 
be monitored and correlated to radiation tolerance simultaneously.  
 Approaches for carefully studying and quantifying the stress gradient through the 
thickness of the material stack may allow for additional insight regarding radiation 
tolerance in ferroelectric thin films. Recent work by Agar et al. has demonstrated 
nanobeam diffraction-based strain mapping of compositionally-graded PZT 
heterostructured films.351 This transmission electron microscopy (TEM) technique 
effectively images both the in-plane and out-of-plane strains in crystalline samples, as well 
as the local rotation of the material lattice (Figure 12-6).368 This approach can also be 
applied to more comprehensively study and quantify stress across the thickness of 
ferroelectric thin films whose elastic layer and/or substrate have been modified, and 
correlated to trends in the functional response as a function of TID. 
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Figure 12-6. (a) High-angle, annular dark-field (HAADF) image of a compositionally 
graded PZT thin film.351 (b) Out-of-plane, (c) in-plane strain, and (d) unit cell rotation 
imaged on the film’s cross section with nanobeam diffraction techniques. (e) Plot of 
strain as a function of distance from the substrate. 
 Finally, a variety of reports have suggested that the harmful effects of radiation-
induced defects are potentially alleviated by decreasing grain size in functional materials, 
and thus increasing the density of grain boundary sinks for defect accumulation.220,221,238-
241 Defects either created or accumulated at grain boundaries potentially result in less 
severe and shorter-range degradation, due to the relative absence of functional material 
volume at these locations. Nanocrystalline PZT ceramics have demonstrated reasonable 
ferroelectric properties;369 PZT nanotube structures have shown increased extrinsic 
dielectric response and reduced susceptibility to damage due to their free-standing, 
discretely-packaged nature.370 Nanostructured or nanocrystalline PZT has the potential to 
exhibit superior radiation tolerance compared to films with larger grain sizes, but is likely 
to suffer from reduced initial response, similar to the Mn-doped samples. Grain and domain 





but augments grain boundary density acting as effective defect sinks, and potentially 
increases radiation hardness. An investigation of the effects of TID on nanocrystalline 
and/or nanotube ferroelectric thin films would aptly complement the existing studies 
performed in this thesis on grain microstructure and dopants in PZT thin films.  
 
Figure 12-7 Image of free-standing PZT nanotubes, demonstrating the confined 
nature of the ferroelectric material, making it less susceptible to long-range effects on 
domain wall motion arising from radiation-induced defects.370 
 
12.2.6 Post-Irradiation Recovery Methods 
 The effects of ferroelectric fatigue can be in part, if not entirely, reversed via 
application of a strong electric field and/or field cycling, elevated temperature, and 
exposure to UV light sources.4 However, it has been found that in films for which the 
effects of fatigue have been reversed, subsequent onset of fatigue is more rapid, suggesting 
that fatigue results in permanent changes to the material. As discussed throughout this 
thesis, the effects of radiation-induced ionization and displacement events often mimic 
those of ferroelectric fatigue – notably present are increased oxygen vacancy mobility and 
ordering at interfaces, ferroelectric dead layers, polarization suppression, and 
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pinning/unpinning of domain walls on oxygen vacancy-related defects.4 As shown in 
Figure 12-2, recovery of radiation-induced damage in the C-V curves occurs simply with 
time, in what appears to be a type of reverse ferroelectric aging. In devices relying on 
ferroelectric materials for sensing and actuation in radiation-hostile environments, these 
effects are of immense concern, as the stability of such devices over long periods of time, 
actuation voltages, temperature ranges, and with exposure to various types of radiation is 
paramount.  
 Future work on this topic should include studies of methods to mitigate these 
fatigue-like effects in irradiated thin films. Studies on aging, thermal loading, electrical 
cycling, and exposure to controlled doses of UV light are relatively straightforward to 
implement, both from an experimental perspective, as well as in eventual devices.  
 
12.2.7 High Temperature Ferroelectric Compositions 
 As discussed in the previous section, thermal cycling of ferroelectric thin films has 
been shown to effectively reverse the effects of ferroelectric fatigue and aging.4 Continuous 
operation of devices with integrated heating methods could potentially alleviate the effects 
of radiation-induced defects. When integrated with methods investigated in this thesis, such 
as an oxygen vacancy-amenable top electrode material, thermal treatment could 
significantly extend the usable lifetime of devices operating in radiation-hostile 
environments. However, PZT suffers from a relatively low transition temperature to the 
paraelectric cubic phase (< 400 °C), especially in the context of aerospace applications, 
which often require response stability above 500 °C (Figure 12-8).371 Work on high 
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temperature ferroelectrics is abundant, with a focus on exotic materials, Pb-free 
compositions, and mechanical methods for increasing the transition temperature.371-374 
Among these, barium titanate (BTO) and bismuth ferrite (BFO) and their solid solutions 
have shown promising performance at higher temperatures than PZT is capable of 
enduring, but response is often lower with respect to PZT.375 Recent work on Mn-doped 
BTO-BFO ceramics has demonstrated attractive piezoelectric and dielectric properties 
above 500 °C, making these types of materials attractive for use in aerospace applications, 
and for potential integration of heating sources to induce defect motion and annihilation, 
effectively reversing the effects of radiation-induced degradation in the ferroelectric 
material. Further work on high-temperature material systems and experiments to study the 
effects of applied temperature cycling on defect accumulation and fatigue-like properties 
in these films are both necessary. 
 
Figure 12-8 Temperature dependence of (a) electromechanical couplings and (b) 
dielectric permittivity in ceramic PZT Navy Type II, PKI-502 (soft composition).371 





12.2.8 Single Crystal Ferroelectrics 
 Single-crystal ferroelectrics demonstrate reduced concentrations of defects relative 
to their polycrystalline counterparts, not only from limited inherent surface defects, but 
also due to overall lower defect concentrations resulting from processing conditions and 
employed fabrication methods. The accumulation of oxygen vacancies and other impurity 
ions at grain boundaries of polycrystalline ferroelectrics has been shown to contribute to 
ferroelectric fatigue, the effects of which are often very similar to those imparted by 
irradiation.291 The absence of these effects in single-crystal ferroelectrics is potentially 
advantageous for reducing rates of defect creation, saturation, and accumulation in 
irradiated samples. Furthermore, poling of a single-crystal ferroelectric can (theoretically) 
result in a nearly single-domain state, potentially resulting in an interesting interaction of 
radiation and subsequently created/activated defects within that domain. Recent work on 
gamma-irradiated epitaxial PZT thin films has demonstrated significant degradation of 
their dielectric properties, proposed to be the result of radiation-induced modification and 
redistribution of mobile defects, potentially accumulating at ferroelectric-electrode 
interfaces.376 However, the accumulation of defects at grain boundaries has been shown 
throughout the literature and this thesis to potentially increase radiation tolerance in 
ferroelectric thin films exposed to ionizing radiation. Future work comparing side-by-side 
TID experiments on ferroelectric PZT thin films in both single- and poly-crystalline thin 
film form should be performed to carefully study the effects of grain boundaries, internal 
interfaces, defect concentrations, and even domain size on the radiation-ferroelectric 
interaction. Such experiments could be further enhanced by use of epitaxial PZT films, 
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which will allow for precise control of residual stress through varying degrees of lattice 
mismatch with the substrate. 
 
12.2.9 Electron Paramagnetic Resonance 
 Electron paramagnetic resonance (EPR) or electron spin resonance (ESR), is a 
technique that measures unpaired electrons in a sample by interrogating the sample with 
microwave-frequency electromagnetic energy, and measuring the subsequent absorption 
spectra. It is analogous to nuclear magnetic resonance (NMR), whereas NMR measures the 
spin of unpaired atomic nuclei. This technique was used in CHAPTER 4 in the 
investigation on top electrode material, to identify and quantify both native and radiation-
induced defects. However, it is mentioned here because it is a powerful tool for identifying 
and quantifying the presence of oxygen vacancies, especially those modified by ionizing 
radiation and resulting in degradation of ferroelectric responses (Figure 12-9). In the future, 
EPR can be used in conjunction with the phenomenological model and estimates for the 
number of radiation-induced trapped charges introduced per ionizing radiation dose (see 
Section 5.7.8 for estimates). In its current state, the proposed phenomenological model 
quantifies radiation-induced defect interactions in relation to functional material response. 
However, when complemented by EPR results and estimates of defect creation per 
radiation dose, a more in-depth and comprehensive quantification of defects and defect-
defect interactions in ferroelectric materials could be achieved, effectively estimating the 
number of induced interactions per TID. These results could be further expanded to diverse 
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radiation sources, new functional material systems, and a host of measurement and 
processing conditions. 
 
Figure 12-9 Electron paramagnetic resonance (EPR) of pre-irradiation PZT material 
stack. The “dark” signal with a g-value of ~2.005 and FWHM of ~10 G is very similar 
to the values reported in the literature for singly-ionized oxygen vacancies in 
powdered PZT samples.175 The “PSi” show spectra associated with shallow 
phosphorous donors in the Si substrate. Data and figure courtesy of Evan R. Glaser, 
US Naval Research Laboratory. 
 
12.2.10 Ionic and Electronic Conductivity Measurements 
 Impedance spectroscopy measurements are commonly used to measure ionic and 
electronic conductivity across a range of temperatures and oxygen partial pressures in 
functional oxide materials, including ferroelectrics.289 Information on defect concentration, 
defect mobility, defect association/dissociation energies, defect-dipole formation, and 
electron-hole transfer are available.289 Impedance spectroscopy methods can be leveraged 
to measure changes to defect population and mobility in irradiated ferroelectric thin films. 
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As discussed at length in this thesis, ionizing radiation has been shown to substantially 
modify oxygen vacancies and their mobility in the ferroelectric material. These changes 
can be, to some extent, quantified via impedance spectroscopy methods measuring ionic 
conductivity and motion in the samples, and correlated to TID trends in future and ongoing 
studies. Such quantification could be used to improve the phenomenological model and 
more effectively quantify defect interactions in irradiated ferroelectric materials.  
 Going forward, significant practical advances and meaningful contributions to the 
science of ferroelectric materials and related defect interactions are likely to be obtained 
from a rigorous focus on radiation-ferroelectric interactions. It is expected that focused 
efforts on this approach will continue to facilitate significant discoveries regarding the 
fundamental interaction of radiation with ferroelectric materials, and pave the way for the 
engineering of radiation-tolerant, high performance MEMS and microelectronics devices.  
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